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A CALIBRATION OF ROWLAND’S SCALE OF 
INTENSITIES FOR SOLAR LINES' 
By HENRY NORRIS RUSSELL,? WALTER S. ADAMS, 
‘nD CHARLOTTE E. MOORE 


ABSTRACT 
Calibration of Rowland intensities —The relative intensities in multiplets are ex- 
pressed by formulae, based on the correspondence principle, which involve only the 
quantum numbers of the lines. Although approximate, these formulae can probably 
be depended on to give correct average results. Since these theoretical intensities may 
be assumed to be proportional to the numbers of active atoms producing the lines, 
the way is open to a calibration of Rowland’s scale in terms of NV (number of active 
atoms). Data on 228 multiplets gave a provisional relation between log N and R which 
was found to depend on wave-length. Correction by successive approximations gave 
finally 
log N=BlogA, 
where A (Table III) is a function of R, and B (Table IV) a function of \. The formula 
is generally applicable to all the elements studied, but uncertainty in the zero point 
restricts its use to neighboring lines; even for such lines it gives only relative values of V. 
The outstanding discordances would be wholly accounted for by a probable error in 
Rowland’s intensities of +0.64 units of his own scale. 


Rowland’s estimates of the intensities of the Fraunhofer lines, 
though obviously rather rough, afford a valuable storehouse of in- 
formation. In order to utilize this, the meaning of his arbitrary 
scale must be determined. This may be attempted in two ways. 

First, the contours of an absorption line may be observed and 
the amount of light which it subtracts from the solar emission may 
be determined. Measures of this sort have recently been made by 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 358. 


2 Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 
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von Kliiber’ and by Minnaert.? The latter finds, for example, that 
the loss of light in Ha corresponds to the complete extinction of a 
strip of spectrum 4.2 A wide, and \ 6634 (Rowland intensity 5) to one 
0.23 A in width. The value and importance of such work are obvi- 
ous. But, even when the laborious measures which it will require 
have been completed, the physical interpretation of the results will 
not be easy. It is by no means safe to assume that if one line blocks 
out ten times as much solar energy as another, ten times more 
atoms conspire to produce the first than the second. Indeed, a 
satisfactory theory of the widths and depths of the Fraunhofer 
lines is very difficult. It is more likely to come as the final product 
of a general theory of the solar atmosphere than as a step toward its 
development. 

The other type of calibration is one which attempts to determine 
directly the relative numbers of atoms in the solar atmosphere which 
are effective in producing lines of various intensities. If this proves 
possible, the long and difficult theoretical investigations just men- 
tioned are circumvented, and the observed intensities become avail- 
able at once for many astrophysical purposes. Moreover, the data 
which are obtained should prove of importance in testing theories 
of the formation and contour of the lines. It is rarely that a royal 
road of this sort can be found, but in the present case one really 
appears to be open. 

Much work has been done in recent years upon the intensities 
of lines in multiplets, culminating in the derivation, independently 
and almost simultaneously by other investigators,’ of formulae for 
the relative intensities, based upon the correspondence principle and 
depending only on the quantum numbers of the lines involved. 
Measures show that these formulae are only approximate.* In many 
cases, especially in wide multiplets, the deviations are considerable, 
but in others the agreement is very good. It appears safe to assume 
that the formulae may be trusted on the average—individual devia- 
tions tending to vanish in the mean. 

t Zeitschrift fiir Physik, 45, 610, 1927. 2 [bid., 44, 481, 1927. 

3R. de L. Kronig, ibid., 31, 885, 1925; A. Sommerfeld and H. Hénl, Sitzungs- 
berichte der Preussischen Akademie der Wissenschaften, p. 141, 1925; H. N. Russell, Pro- 
ceedings of the National Academy of Sciences, 11, 314, 1925. 


4Cf. L. S. Ornstein, Physikalische Zeitschrift, 28, 693, 1927. 
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According to Ornstein,’ the quantities given by the formulae 
represent approximately the relative numbers of “‘fictitious resona- 
tors,” all of equal amplitude, which are involved in the production 
of the lines. To find the energy radiated, they must be multiplied 
by factors proportional to v4, v being the frequency. To treat the 
numbers of these hypothetical resonators as proportional to the 
numbers of atoms which are acting is sufficient for our purpose, espe- 
cially as no comparison between lines in widely separated parts of 
the spectrum can yet be made. 

In the course of preparation of the Revision of Rowland’s Table, 
all the lines which belong to known multiplets have been recorded, 
so that extensive material was available. How it was treated is best 
illustrated by an example: There is a multiplet of Fe1, of type 
5—D’—5F’, comprising twelve lines, of which one is blended in the 
sun. Details for these lines are given in Table I, in which R is Row- 


TABLE I 
ny | Designation | log N | R d Designatiotr log NV R 
| 
4730.. sD,—5F; | 0.00 6 4625 | 53D,;—SF; —0.72 5 
4707 | 3D;—-SF, | — .17 | 5 |} 4607 | sD.—sF, | 74 «(| 4 
4068... sD,—5F, | 36 | 4 4508 | SD,—SF, | 0.90 3 
4637 sp,- 5] 2 59 5 | . 
eer a 4574 sD,- ‘I; 2.04 } 1 
4613 | 5D,.—5F;, 90 | 3 4508 | 5D,—S5F, 1.74 I 
| —o.86 | 5 4565 | SD;—SF, | —1.74 Si 


46054.. sD,—5F, 


* Blend with Co. 


land’s intensity and N denotes the relative numbers of atoms which 
should theoretically be active in producing the lines, on the basis 
that the number for the strongest line is unity. Rejecting the 
blended line and taking means for the three groups of various theo- 
retical intensities, we find: 


Lines | log NV R | A log N AR | Mean R 
- —_——_ _ _ $$ $_$___ | —  ————— _— - 
are .| =—9.25 | 5.0 
| 0.54 1.0 4.5 
5 0.82 4.0 | 
1.07 3.0 2. 
| 


t Zeitschrift fiir Physik, 40, 412, 1926. 
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Each multiplet, treated in similar fashion, gives one or two (rare- 
ly three) values of the increment AR corresponding to a theoretical 
increment A log V. A summary of the data which were employed is 
given in Table II. This shows, for each element, the number of 
multiplets, of unblended lines available, and of the resulting pairs 
of values AR and A log N. 











TABLE II 
NUMBERS OF MULTIPLETS, LINES, AND INCREMENTS 
] 7 nea ar ae | y 
. ; ra AR and eee | ent . | AR and 
Element [Multiple ts| Lines aie w Ul Element |Multiplets Lines A log N 
om or a pate | —_ sia ina =| actinic 
= } 46 | 340 | 75 || Me | ©) $7 4 
Ti | 41 | @2 52 | Al I 2 | I 
Cr } 3r | 418% 41 | Na 1 | 2 | I 
Ni 18 88 23 Fert 6 41 | II 
V | 18 103 26 | Ti+ 26 | 107 28 
Mn 16 | 89 20 | rr 7 35 9 
Ca 8 | 40 13 | Sc+. 7 | 30. | 8 
| 
ae es ae, acer 
| Boa 228 1288 | 312 


Total.. 


Only the strongest lines of Mg, Al, and Na were included. The 
numerous intersystem combinations could not be used, as there is 
no satisfactory theory of intensities in such groups. The available 
material is, however, extensive enough. 

The cases in which lines of about the same mean Rowland in- 
tensity were compared were then grouped, mean values of AR and 
Alog NV being taken to diminish the effect of the obviously large 
accidental errors of Rowland’s estimates. A curve was then 
drawn, giving Alog V/AR as a function of R, and from this log V 
itself was found. With the aid of this preliminary calibration curve, 
the values of Alog V, corresponding to the observed difference in 
the Rowland intensities, were found for 306 of the line-groups listed 
in Table II. Comparison of these with the theoretical differences 
showed that the gradation scale of Rowland’s estimates varies with 
the wave-length. A given increase in log NV produces much more 
change in his numbers in the red than in the ultra-violet. 

To allow for this it was assumed that 


log N=B log A, 


where A depends on R and B on X. The values of these functions 
were derived by successive approximations and are given in Tables 
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III and IV. The intensities —1, —2, and —3 have been substituted 
for Rowland’s 00, 000, and oooo0, as has been done in the Revision. 

It is evident that Rowland’s scale cannot be represented by any 
simple function of the number of atoms involved. The empirical 
function log A is well defined by the data, except at the upper end. 
There are only twenty-eight solar lines for which Rowland’s in- 
tensities exceed 15, and but two exceeding 4o. For this group the 
TABLE III 




















R log A || R | log A | R | log A 
2 —1.80 | 6 2.68 15 3.54 
—2 —1I.15 | 7 2.37 10 3.58 
—1 —0.54 || 8 3.00 18 | 3.66 
° 00 || 9 5. EE 2 3.72 
I +0. 52 | 10 3.21 | 25 3.87 
2 +1.03 ! 11 3. 30 | 30 | 3.98 
3 +t. 5s | 12 3. 37 | 35 4.08 
4 +2.00 |} 13.. 3.43 || 40 | 4.17 
5 +2.39 || 14 3.49 || 
TABLE IV 
N B N | B || N | B |i N | B 
climate acacia 7 eid, | ie ieee! tae oar oe ae “ nan = eRe 
3000 1.41 || 4000 r.25 i] se0o... 1.00 || 6000 | 89 
3100 | 1.38 || 4100 I. 13 |} 5100 | 0.99 || 6100 88 
3200 | 1.35 || 4200 I. 11 || 5200 97 || 6200 87 
3300 I.32 || 4300 | 1.10 5300 90 || 0300 86 
3400 | 1.29 | 4400 _ 08 || 5400 95 || 6400 85 
3500 | 1.25 || 4500 | 1.06 || 5500 |  -94 |} 6500 a 
3600 | 1.23 || 4600 1.05 || 5600.....| 93 || 6600 84 
3700. 1.20 || 4700 | 1.04 |} 5700 .92 || 6700 .83 
3800 | 1.18 4800 | 1.02 || 5800 QI || 6800 | 83 
3900 |} 1.16 || 4900 | 1.01 


| 5900.....| 0.90 || 6900... 0. 82 





tabular data are based on the assumption that A log A = 1.5 A log R, 
which is the mean value indicated by the few multiplets available. 

The correcting factor B is well determined over its whole range, 
and suffices to reduce the scale of intensities in different regions of 
the spectrum to a homogeneous system. There is, however, no 
present evidence as to what extent the zero point changes with the 
wave-length, i.e., whether a line in the red demands more or fewer 
atoms for its production than one of the same tabular intensity in 
the ultra-violet. Still less is there anything in the present data to 
indicate, even approximately, the absolute number of atoms (per 
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—_— 


square centimeter in a column extending through the whole atmos- 
phere) which produce a line of given intensity. Only the relative 
intensities of neighboring lines are here considered. 





= — } 
TABLE V 
GROUPING BY INTENSITY : 
Limits of Intensity No | ioe | oe “or Ratio 
>15 8 20.5 0.43 0.47 1.10 
Sto 15 13 10.7 55 60 1.03 
6to 8 16 6.4 75 89 1.19 
5 to 6 15 | 5.4 07 s8 | re) 85 ° 
| 
4to 5. 19 4.4 | 75 73 0.97 
gto 4 35 3-4 | 70 70 | 1.00 
2 to . 45 2.4 74 0.07 °.go 
I to 2 44 | 1.4 | Q2 1.02 1.10 } 
o to I 44 0.0 O7 0.99 1.14 
—1to o 33 | 2.5 | So SI 1.01 
. 
—2to-I 25 —1.4 | 83 70 0.84 
—21o—2 9 1 =—g.3 | @.'65 0.56 °. 86 
TABLE VI 
GROUPING BY WAVE-LENGTH 
r Theoretical Calibrated | — 
r No Ales A on fi Ratio 
29092-3400 47 0. 83 | 0.75 | 0.90 
3400-3800 39 . 70 $2 1.08 
3800-4200 | 33 -74 72 0.97 
4200-4400 31 . 69 64 0.94 
4400-4600 an 30 83 | 85 1.02 
4000-5000 33 79 95 I.20 
5000-5500 39 74 76 1.03 
5500-6100... 27 82 80 | 0.98 
6100-6800.... 33 o. 82 0.83 } 1.02 
To test the validity of the calibration the values of log NV were 
computed with the aid of Tables III and IV for all the lines men- 
tioned in Table II, and the values of A log N derived from theory 
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and from the observations as here calibrated were compared in vari- 

ous groupings, with results illustrated in Tables V, VI, and VII. 
The agreement of the theoretical values and those derived from 

the calibration in the case of Tables V and VI is merely an indica- 

tion that the functions given in Tables III and IV need little, if 

any, systematic improvement. The agreement of the results for 

different elements, in Table VII, is, however, quite unforced, and 

TABLE VII 


GROUPING BY ELEMENTS 


Theoretical Calibrated 





Sle > vi tic 

Element | No A lene pea Ratio 

Fe 75 | 0.50 0.79 °.99 
Ti 52 98 1.02 1.04 

Cr 41 53 0. 53 1.00 
Ni 23 90 1.09 1.14 

| 
J - | 26 72 0.68 0.95 
Mn... 20 . 60 .64 1.06 
| | | 
C | 2 Qe ~ > 
a 13 85 79 0.93 
Mg 4 35 30 0. 86 
1/ I 30 21 0.7 
Va | I 30 24 0.8 
Fe 11 83 69 0.83 
1 28 85 go | 1.07 
4 ; 

Cr 9 | 65 73 1.13 
Set 5 | 0.83 0.70 | 0.92 


indicates that the calibration is generally applicable. The outstand- 
ing discordances, which average +8 per cent of the theoretical 
values (or +0.066 in log V),' are to be attributed mainly to the rag- 
gedness of Rowland’s tabular estimates, which is obvious on in- 
spection of the photographs. On the average, each of the groups in 
these tables is derived from thirty differences of intensity in multi- 
plets between groups averaging 2.1 lines in number. The percentage 
discordance between calibration and theory for the value of log NV 


j 
| 9 


derived from a single line should therefore be 0.0664 XV 30 X \ - 
2.1, 


* After excluding the two cases in which but a single pair of lines belong to an 
element. 




















8 H. N. RUSSELL, W. S. ADAMS, AND C. E. MOORE 





or +0.37. The corresponding probable error in log V is +0.32, 
so that, for a single line, the estimate is as likely as not to be in error 
by a factor of 2. For the lines of intensity between — 2 and 5, which 





form a large majority of those here studied, log NV changes, on the } 
average, by 0.50 per unit of R; hence a probable error in Rowland’s 
estimates of +0.64 unit of his own scale will account for the whole 
discrepancy. 

The most obvious result of the present investigation is to empha- 
size the enormous differences in the numbers of atoms which are 
involved in the formation of the stronger and weaker Fraunhofer 
lines. From the weakest perceptible lines, of Rowland intensity — 3 } 
(or 0000), to such lines as Ha or the great iron lines in the violet 
(AX 3720, 3735), this number increases by a factor of approximately 
a million. For the H and K lines, which are too strong to be cali- 
brated, the factor must be much greater. 

The weakest lines which can be studied on ordinary stellar 





spectrograms are of approximately intensity 1 on Rowland’s scale. 
From these to the strongest ordinary solar lines, the number of 
atoms increases by a factor of about 5000. For such lines as H and 
K in the later spectral types, or for the Balmer series in the A stars, 
the factor must be many times greater. Application of the results 
here derived to the study of spectra will be given in later communi- 
cations. 
CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
February 1928 























PRELIMINARY RESULTS OF A NEW METHOD 
FOR THE ANALYSIS OF STELLAR 
SPECTRA’ 

By WALTER S. ADAMS anp HENRY NORRIS RUSSELL? 
ABSTRACT 


A new method of analyzing stellar spectra-—The calibration of Rowland’s intensity 
scale (Contribution No. 358) leads to a knowledge of the relative numbers of atoms in 
the solar atmosphere which are active in producing different lines in the same spectral 
region. By assuming thermodynamic equilibrium and that atoms at different levels are 
equally effective in producing a line, the investigation can be extended to stellar atmos- 
pheres in general. The resulting equation (11) connects the relative numbers of atoms 
producing the same line in different stars with the relative numbers of normal neutral 
atoms, the excitation potential, the state of ionization, and the electron pressures and 
the temperatures of the stars. 

The application of this relation to high-dispersion spectrograms of typical repre- 
sentatives of the spectral sequence, taken with the coudé spectrograph of the 1oo- 
inch reflector, leads to the following provisional results: There appears to be a serious 
departure from the condition of thermodynamic equilibrium in stellar atmospheres, 
in that the relative numbers of atoms in excited states, especially those of high 
energy, are much greater than indicated by theory. The abnormal intensity of the 
hydrogen lines appears to be a consequence of the phenomenon. The anomaly does 
not appear to affect ionization, at least not to the extent that it does excitation. Cor- 
rection for it leads to a new method of determining stellar temperatures, which gives 
results agreeing closely with the accepted scale. The behavior of enhanced lines of 
iron, titanium, etc., in red giant stars suggests that these lines are produced largely in 
extensive chromospheres, supported by radiation pressure. The amount of metallic 
vapor above a given area of the photosphere varies from something like a hundred 
times that in the sun (Betelgeuse, Antares) to something less than that in the sun 
(Sirius), a result in fair agreement with the accepted theory which attributes the 
photosphere to general opacity in atmospheres of similar constitution. 


I. INTRODUCTION 

The calibration of Rowland’s scale of intensity for solar lines 
makes it possible to deduce from the empirical estimates the relative 
numbers of atoms in the solar atmosphere which are active in the 
production of different lines in the same spectral region. Preliminary 
results of the extension of this method to stellar spectra are discussed 
in the present paper. 

The dispersion and resolving power of the coudé spectrograph of 
the 1too-inch reflector are such that spectrograms of the brighter 
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stars can be obtained which show great numbers of lines clear of 
blends, even in the later spectral types. By comparison with the 
solar spectrum taken with the same instrument, the intensities of 
these stellar lines may be estimated upon Rowland’s scale with 
considerable accuracy. For solar and stellar lines in the same part 
of the spectrum, it appears to be a reasonable assumption that the 
numbers of atoms in the atmospheres, above equal areas of the sun’s 
and the star’s photosphere, which are engaged in the transitions 
that produce the given lines, are the same. This is equivalent to 
assuming that an atom making the transition has the same effect 
toward the production of the line, whether it is high or low in the 
atmosphere. The recent work of Uns6ld' indicates that this is ap- 
proximately true as regards the widths of solar lines, even of H and 
K (though not for the hydrogen lines, which are abnormally 
broadened). The depths of the lines—the blackness in the middle 
evidently demand a more complex theory for their interpretation, 
which is not yet available. 

On high-dispersion stellar spectrograms, which are very rarely 
in danger of overexposure, the width of a line must be much more 
influential than its depth in usual estimates of the intensity. The 
assumption stated above appear, therefore likely to be safe for 
most lines, though risky for such exceptional objects as the hydro- 
gen lines. It will be adopted in the discussion which follows. 


2. THEORETICAL RELATIONS 
The number of atoms in any given state of ionization and exci- 
tation in a particular point of a star’s atmosphere may be predicted 
from thermodynamic theory if the composition of the gas is known. 
According to R. H. Fowler,’ the numbers of atoms in various 
energy-states in a gas in thermodynamic equilibrium are defined 
by the equations 


Xr 








NMy+1_(onmkT)™ t+AT) jr? t# (1) 
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Here m, k, T, h have their usual meanings; N is the number of free 
electrons in the volume V; M, and M,4., are the numbers of atoms (of 
a given kind) in this volume which are in the rth and r+ st states 
of ionization, i.e., which have lost r or r+1 electrons; x, is the 
energy, in ergs per atom, requisite for the removal of the r+ st 
electron from the normal state of the atom which has lost r elec- 
trons; wu, and u,4, are factors taking account of the distribution of 
the atoms among the different stationary states (we do not require 
their detailed values here, though Fowler gives them); also, (/,), is 
the number of atoms in the rth state of ionization and the sth ex- 
cited stationary state; (@,), is the statistical weight of this state, 
which is equal to the number of component levels into which the 
corresponding spectroscopic term is resolved in the Zeeman effect; 
and (x,), is the energy necessary for the removal of the r+ust 
electron from an atom in this state. Finally, J, ZL, and v,; are quanti- 
ties which are negligible under the conditions prevailing in stellar 
atmospheres—under which, also, the quantities “, are usually 
nearly equal to the statistical weights (@,), of the normal energy 
states (combining the components of a multiplet). 

Consider now a particular layer in a star’s atmosphere, where the 
temperature is T and the electron pressure ~;. By the gas law, p;= 


ry 


. kT. Hence, by dropping the insensible terms and introducing 
the numerical values of /, k, and m, equation (1) becomes 


Xr 
M, i a / Ur +1 ~~ T 
Sap 0.3327 5/2 ¢*. 
Pe M, Pere) Uy 
Here p; is measured in dynes /cm?, and x in ergs per atom. If p, is 
the electron pressure in atmospheres and J, the ionization potential 
in volts, this becomes 
11,600 I 
M,+ TS!? 45 —— x 
“= 3.28X1077 wre Tf , (3) 
M, Pe Ur 
Similarly, if Z,, denotes the excitation potential in volts of the sth 
stationary state, measured from the lowest energy state of the rth 
degree of ionization, (3) may be written 


11,600 E,. 


(M, s Dy) s ite 
( )s_ (Gr) 7 


M, (4) 
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Multiplying together the equations (3) for all degrees of ionization 
up to the rth, and also equation (4), and setting for brevity 


Tot+ht+ i I,-: +E,s= Fy; ’ ) 
_Ts! ) (5) 
3.28X 1077 =d, 


e 


we find 
11,60c F, 


(M,); (@); -— 7 
= > , ° ¢ 
M. = ¢ d (6) 


This equation gives the number of atoms in any specified state, in 
terms of the number of neutral atoms, M,. It is evident that F,, 
represents the energy required to change an atom from the normal 
neutral state to that under consideration. This differs for each state, 
but d is constant at any given point in the atmosphere. 

Consider now a single line which is absorbed by atoms in the 
r, s state. Only a certain fraction x of all such atoms will absorb 
this particular line. This fraction probably depends on quantum 
relations, though the details are not yet worked out except for the 
simplest cases. We will assume, then, that for a given line x is a 
constant, independent of local conditions. 

If x, is the number of atoms in the given volume which are effec- 
tive in producing the given line, n,=2(M,),. If n, is the number of 
neutral atoms in the normal state of lowest energy, and &, the weight 


(@,)e 


of this, then m,»=~° M,. Substituting in (6) and setting *_""=W,,, 
Uo Wo 
we find 
11,600 F,, 
Nx = Np XW ,<€ toed. (7) 


Consider now the whole depth of the atmosphere, and integrate 
along a column of unit cross-section extending from the photo- 
sphere to the outer boundary of the atmosphere (the obvious vague- 
ness of these limits reflects the approximate character of our funda- 
mental assumption). The whole number of atoms which are effec- 
tive in producing the given line will be V,= (n.dh, and the number 


of normal neutral atoms No= { dh. 
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The quantities T and d vary with the depth /. It is probable 
that T changes relatively little, and certain that d varies greatly. 
As a first approximation, we may treat JT as constant. We may then 
define D by the equation 


11,600 F,, 


er dD’, (8) 
which makes D’ a sort of weighted mean of the individual values of 
d’. There will be some level, part way up in the atmosphere, for 
which d=D. If P, is the electron pressure at this representative 
level, we shall have 


P.=3.28X1077TS/?/D . (9) 


Under the isothermal conditions here assumed, D and P, will be 
the same for all the lines of a given element in a given state of ioniza- 
tion. For other elements, or for the same element in another state 
of ionization, they may be very different. 

Taking logarithms to the base 10, we find 


5040F,, 


T +rlog D. (10) 


log N,=log N,.+log «W,;,— 

If a closer approximation should be attempted by taking into 
account the variation of temperature within the atmosphere, we 
may define a mean temperature 7, for any arc line (for which the 
factor involving d does not appear) so that equation (8) is sat- 
isfied. For lines of different excitation potential, 7, may be some- 
what different; but the adoption of a single general mean value 
should give a working approximation. 

For the singly ionized atom, a comparison of lines of different 
excitation potential should give, in similar fashion, temperatures T°, 
for which again a mean value may be substituted (which need not be 
the same as the best mean value for the neutral atom). 

Substitution in (10) then gives values of D, for which again a 
general mean may be found; and so on for higher degrees of ioniza- 
tion. 

Another complication which has to be considered in the actual 
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problem is the mixture of light from all parts of the star’s disk. This 
demands another integration with respect to the angle of emergence 
of the rays, which will introduce further complications into the de- 
termination of mean values of T and D. To discuss these matters 
in detail would be unprofitable for the present purpose; we must be 
content with the conclusion that an equation of the form (10) with 
suitably chosen constants is likely to give an approximation sufficient 
for use in conjunction with our fundamental assumption concerning 
the interpretation of the observed lines. 

Before proceeding to the application of this equation, something 
may be said about the type of mean value represented by P, in the 
case of an isothermal atmosphere. We have by (5) and (7), 2.K = 
np, where K is a constant, while by (8), V.A =N,P". Integrating 
the first equation over the atmosphere, we find at once 


N:P¢= (05 pidh . 


For the first ionization (r=1), P, is a mean of the electron pressures 
in different regions, weighted in proportion to the numbers of ionized 
atoms in these regions; for the second, it is a mean-square value, 
weighted according to the number of doubly ionized atoms, and 
so on. 

In an atmosphere uniform in composition as well as in tempera- 
ture, the values of P, would differ for elements of easy and difficult 
ionization; but more important differences are likely to arise from 
the differential effect of radiation pressure in raising some elements 
into the chromosphere more than others. A chromospheric element 
will evidently give a low value for P.; but the application of our 
equation becomes precarious here, since the chromosphere is prob- 
ably not in thermodynamic equilibrium.’ 


3. RESULTING EQUATIONS 
In equation (10) the potential F,, is known from analysis of the 
spectrum, and the statistical ratio W,, from quantum theory. The 
probability x that the atom will absorb this particular line (among 
many possibilities) has been calculated theoretically in a few cases, 


e.g., for the Balmer series. When further theoretical developments 


t Milne, Observatory, 51, 39, 1928. 








NEW METHOD OF ANALYZING STELLAR SPECTRA 15 


permit it to be found in the general case, it will be possible to predict 
the relative numbers of atoms concerned in the production of all 
the lines of a given element. By working backward from the values 
of N, derived from the observed line-intensities for any one ele- 
ment, 7, D, and P, could be found, provided that lines belonging 
to several excitation potentials and to two successive degrees of 
ionization were available. 

This is at present impracticable, and we must have recourse to 
the comparison of the same lines in different stars. For any two 
stars we have 


r rT r Fs 
log N.=log N,.+log «W,;— 5040 Tr +rlog D, 


yr? rr? r Fs , 
log Ni=log No+log xW,;— 5040 rT’ +rlog D’, 


whence 


rr ad ; 


N: No ° 
log v. = log Vv +5040 F,s( — a)t log D 


(11) 
For arc lines, r=o, and the last term disappears. 

The values of log N;,/N,z may be found from the observed spec- 
tra. If they are plotted against the excitation potentials F,,, the 
arc lines should give points lying on a straight line of slope propor- 
tional to the difference of the inverse temperatures of the stars. 
If T is known, as for the sun, J’ may be found. The intercept of 
this line on F,,=0 gives log Nj/N., which determines the relative 
abundance of neutral atoms in their normal state in the two atmos- 
pheres. 

The enhanced lines should give points lying on a line of similar 
slope, but displaced vertically by log D’/D. From this last quantity 
the ratio of the effective electron pressures for the given element in 
the two stars may be found. 

Alternately, if the enhanced lines are plotted against their excita- 
tion potentials, Z,,, measured from the normal state of the ionized 
atom, the intercept for E,,=o will give the relative numbers of 
ionized atoms in the normal state in the two atmospheres. 

It may be emphasized in conclusion that these results depend on 
two assumptions; that atoms at different levels in the atmosphere 
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are equally effective in producing a line, and that the relative num- 
bers of atoms in different states are in thermodynamic equilibrium. 
Departure from these conditions may lead to apparently discordant 
results. 

4. OBSERVATIONAL DATA 

The present discussion is based on spectrograms obtained at the 
coudé focus of the 1oo-inch telescope. The spectrograph is of the 
auto-collimating type with a focal length of 15 feet, and is placed 
in the constant-temperature room south of the telescope. The 
collimator and camera lens is a Ross triplet of 6-inch aperture, and 
the prism through which the light is returned by a plane mirror is 
of dense flint with an angle of 52°5. The field of the camera lens 
is excellent, and with suitable inclination of the plates and the use 
of appropriate emulsions it has been found possible to photograph 
on two strips of plate the entire region from A 4100 to \ 6800. The 
linear scale of the negatives at Hy is about 2.9 A to the millimeter. 

Among the stars for which spectrograms were available, several 
were selected covering the group from class M to class A—a Orionis, 
a Scorpii, a Bodtis, y Cygni, a Persei, a Canis Minoris, and a Canis 
Majoris. All these stars, except Sirius and Procyon, are giants, and 
some of them are conspicuous supergiants (c stars). 

The estimates of intensity of the spectral lines were made visu- 
ally with the aid of standard solar negatives obtained with the 
same spectrograph. These were placed on a Hartmann spectro- 
comparator and the solar and stellar spectra compared directly. 
The range in intensity of the solar lines is sufficient to make com- 
parisons of this kind reasonably satisfactory in the case of stars of 
the later types, although they cannot, of course, compare in pre- 
cision with microphotometric methods, with which we hope to con- 
tinue the investigation. The comparison with the solar spectrum has 
aided greatly in the elimination of blended lines. In spectra of earlier 
types, in which the character of the lines differs in some cases notably 
from that in the solar spectrum, the precision of the estimates is 
somewhat lower. 

Lines known to be seriously blended were excluded from the dis- 
cussion, but it is probable that many minor blends have been over- 
looked. The total number of lines observed is, however, so large 
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* Sage to calibrate. 
that the inclusion of such blends should have little influence on the 
further discussion, except to exaggerate the discordance due to the 
accidental errors of the observations. 

From the estimated intensities, the relative numbers N of 
atoms involved in the production of these lines were then derived 
by the aid of the calibration tables discussed in Contribution No. 
358,' and the values of log N{,/N, tabulated for all the lines (with 
the sun as standard). 

The results, which are much too voluminous to give in extenso, 
are summarized in Table I, in which the lines of each element are 
grouped into means according to the value of the excitation po- 


t Astrophysical Journal, 68, 1, 1928. 
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tential E,. In some cases these groups consist entirely of lines origi- 
nating in the same spectroscopic term, but for most of the higher 
lines two or more closely adjacent terms are combined. The groups, 
however, are sufficiently similar to permit the use of the same mean 
value of E, for all the stars in the table. 

For each star the column headed “No.” gives the number of 
lines combined to form the mean, and that headed Y, the mean 
value of log N:i/N., which will hereafter be called Y for brevity. 
The lowest line for each element gives the whole number of lines 
which are here studied, not counting those rejected because of blend- 
ing, etc.; and, also, in the Y column, the average deviation of the 
values of Y given by a single line from the group-means in the col- 
umn. Groups containing but few lines are omitted in finding these 
averages. 

The average values of a residual for different elements are Fe, 
+0.33; Ti, +0.34; Ca, +0.37; Mn, +0.45; Cr, +0.58; V, 40.47; 
Fett, +0.37. For the different stars they are a Orionis, +0.48; 
a Scorpii, +0.51; a Boodtis, +0.41; y Cygni, +0.38; a Persei, +0.42; 
a Can. Min., +0.39; a Can. Maj., +0.40; so that the observations 
for the red stars appear to be somewhat less accurate. The general 
mean value is +0.43, corresponding to a probable error of +0.37 
in log Ni/N,. It was found during the calibration of Rowland’s 
tables' that the probable error of the value of log N derived from a 
single solution was +0.32. Since the present results involve the 
comparison of estimates made on two spectra, their accuracy is 
rather better than was to be expected. Even the best of the values 
of Y in the table have a probable error of +0.07; the second decimal 
place is therefore of no significance—a mere guard figure. The whole 
number of lines listed for each star ranges from 588 for a Bodtis to 
329 for a Persei. It is worthy of note that 248 arc lines of various 
metals were observed in the spectrum of Sirius, as against 76 en- 
hanced lines. 

5. TEST FOR THERMODYNAMIC EQUILIBRIUM; 
EMPIRICAL CORRECTIONS 

It is obvious on inspection of Table I that the values of Y de- 

crease with increasing E, for the stars cooler than the sun, and in- 


* Mt. Wilson Contr., No. 358; Astrophysical Journal 68, i, 1928. 
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crease for the hotter stars, as theoretically they should. If the 
conditions of thermodynamic equilibrium and our other assumptions 
were exactly true, then, for any one element and one star, Y should 
be a linear function of E,. Much the best data for testing these 


TABLE II 
Bs 1.06] 0.94] 1.54] 2.17} 2.56] 2.89) 3.24) 3.47] 4.03] 4.50 
| 2.15 1.20) 0.75) 0.38|/—0.060)/—o. 11 O. 22/—0. 40|—o. 58/—o. 82 
Comp 2.12} 1.28 78 32 07|- I 30 41|\— .62)|— .76 
O-C.....|+0.06|—0. 02} —0. 03/0. 06| —o. 13/0. 01/0. 08) +0. o1/+0.04|—0. 06 


assumptions are afforded by the long series of iron lines, which ex- 
tend over a greater range of #, than any others; and the best stars 
for a test are evidently a Orionis and a Scorpii. The run of the 
Y’s for these stars is so similar that one may take the mean for the 
two, to diminish accidental error. The results are given in Table IT. 
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EXCITATION POTENTIALS FOR IRON LINES 


When plotted (Fig. 1), these give points deviating from a straight 
line by far more than the amount permitted by observational error, 
which should average about +o.10. It is evident that some com- 
plicating cause is at work. The deviation is in such a sense that 
AY/AE, diminishes in absolute value as E, increases. A similar 
effect, though of smaller magnitude, is indicated on plotting the 
data for Arcturus. This may be interpreted as indicating that the 
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number of atoms in highly excited states is greater than it would be 
in strict thermodynamic equilibrium; and there is independent 
evidence in favor of this hypothesis. It has long been known’ that 
the lines of the Balmer series of hydrogen are far stronger in the 
cooler stars than appears to be possible if the fraction of atoms in 
the two-quantum state, which alone are capable of absorbing them, 
is that given by the equation (4). For these lines, E, is 10.15 volts, 
and the fraction of all the hydrogen atoms in this state should be of 
the order of 10~° in the sun and 10o~" in a Orionis. The actual pro- 
portion of excited atoms must be thousands of times as great in the 
first case, and millions in the second, at a low estimate. Further 
evidence in support of this view is found in the appearance in stars 
of class B of lines of He1, O 1, N m1, etc., which have very high 


TABLE III 
Points AY /AE, Mean E, Comp O-—( 
i 3 0.92 0.5 —oO.gI +0O.0OI 
2- § 74 1.5 73 — .O7 
3-8 5 3.5 61 +- 103 
5-10 -0.43 3.6 —0. 43 0.00 


excitation potentials, and would, on the elementary theory, demand 
an enormous abundance of the corresponding atoms in their normal 
state. 

It appears legitimate, therefore, to regard the curvature ex- 
hibited in Figure 1 as another illustration of a familiar, though un- 
explained, phenomenon, and as evidence that the same influence 
operates, in a milder degree, for low excitation potentials. On this 
hypothesis, the closest approach to thermodynamic equilibrium 
should be exhibited by the initial and steepest portion of the curve 
for low excitation potentials. 

The law of operation of the disturbing influence cannot of course 
be predicted, but a good idea of its behavior over the observed range 
can be obtained by drawing straight lines to represent successive 
groups of the plotted points, thus finding values of AY /AE, for 
various mean values of E,. The results are in Table III. 


t Payne, Stellar Atmospheres, pp. 56, 188, 1925. 
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The linear formula 
AY 


~=—1.05+0.175Ez 
AE, Pe) fe 


represents these data almost perfectly, as shown above. This indi- 
cates that Y and E are connected by the quadratic formula 


Y =A—1.05Ez+0.087 E2 


With A=2.19 this gives the computed values and residuals of 
Table II. From these residuals the probable error of a tabular 
value of Y is +0.049. On the average, one of these points depends 
upon thirty observed lines, so that one might expect a probable 
error of +0.068. The agreement with our formula is therefore too 
good, but a linear formula would give wholly inadmissible residuals. 

This empirical formula can hardly hold good far beyond the 
observed range, for it would make Y increase with E, beyond E,=6; 
but, over the range of values covered by the present data, it appears 
to give a good representation of the observed effect. 

Whether the effect for stars of other temperatures would follow 
the same law cannot be determined decisively from the present 
data, but plots of the values of Y for the iron lines of the other five 
stars (Fig. 2), with parabolic curves obtained by diminishing the 
vertical amplitude of the original curve in fixed ratios, show, at 
least, that the hypothesis that the effect does follow this law is con- 
sistent with all the data. 

In the ensuing discussion, therefore, it has been assumed that 
the observed quantity Y is a linear function, not of E,, but of a 
quantity X defined by 

X =1.05E,—0.087F3 (12) 
so that 
Y=Y,+SX , (13) 


and also that, if the influence which disturbs thermodynamic 
equilibrium were absent, we should find 


AY _ 


AE, 1.055 , (14) 


which is the initial slope of the actual curves for E,=o0 
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Any such empirical correction must, in fine, be justified, or 
otherwise, by its results, and it will soon appear that the results of 
the present process are satisfactory; but it should be clear from the 
foregoing that it rests upon definite and reasonable assumptions, 
and that the numerical coefficients of the interpolation formula 
which is used to make the actual correction have been derived by 
an objective process, quite independent of the results which fol- 
low from it. 
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6. DETERMINATION OF STELLAR TEMPERATURES 

If, then, we plot the observed values of Y for any given star and 

a given element against the corresponding values of X from (12), 

we should obtain straight lines, from which the slope S can be de- 

termined. Theoretically, the values of S should be the same for all 

elements in a given star; practically, the errors of observation will 
cause discordances, and we must take a weighted mean. 

If the 2 values of Y were distributed uniformly along the extreme 

observed range r of X, the weight of a determination would be pro- 
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portional to nr’. This should give a fair approximation to the actual 
weights, except when some important point at one end of the range 
is weakly determined. Applying this principle to a Orionis, as a 
typical case, we find the weights given in Table IV. 

It is evident that the long series of iron and titanium lines carry 
nearly all the weight. In some cases (Cr, V) the unequal distribu- 
tion of the points greatly reduces the weight. For the enhanced 
lines, the available range of excitation potential is small, and nothing 


TABLE IV 

Element n r ver" Woke 
Fe 1060 2.95 1400 10 
Ti 118 2.08 510 5 
Ca 34 2.27 150 ; 
Mg 6 2.90 5° 1/2 
Mn 30 2.34 160 1/2 
Cr 26 1.35 so | Oo 
V 54 2.07 30 ° 
Ba T | 5 2.05 20 o 
y+ | 7 1.48 IS oO 
Ti+ 28 1.2 40 ° 


would be gained by introducing them into the mean, although this 
would not be the case for 77* if the ultra-violet lines were observable. 
The weights finally assigned are given in the last column of Table 
IV. The testimony of independent elements has been assigned some- 
what greater importance than a formal theory indicates. For a 
Persei and the hotter stars, Ca and Mn are dropped, as the data are 
poor, and 77 receives lower weight. 

The resulting values of the slope S derived from the various 
elements, with the adopted mean values, are given in Table V. 
The agreement of the results derived from different elements is 
good. The final mean values differ little from those which would 
have been derived from the iron lines alone. 

From these results the stellar temperatures may immediately 
be derived. From equations (14) and (11) we have 


I I 
5040| 7.— 7, J=1.055. 


—_—_—_— wo 


-_ OOO 





_———————_— arn ee 
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Here 7” is the temperature of the star’s atmosphere, and T that of 
the sun’s. Following Eddington," we may take this as 0.88 7,, 
where 7, is the effective temperature of the photosphere. Taking 
7, at the round value 6000° for the sun, we find the values given in 
Table VI. The agreement of the temperatures thus determined 
with those familiar from other considerations is very satisfactory. 


TABLE V 
SLOPE S=AY /AX 





from 








Mount 


- 


/- 


least as high as class Fs. 


ABUNDANCE 


( 


)F 


THE 


determinations. The 


DIFFERENT 


* The Internal Constitution of the Stars, p. 358, 1926. 





well-known 


ELEMENTS 


‘ ’ Ce 1 Car 

} Element a Orioni aS | Cy a Persei “Min, “M _ 
Fe 1.02 r.O1 0.49 0.08 +0.07 +O. 21 +0. 32 

Ti 0.98 9.83 53 | — .02 23 20 . 50 

Ca 1.06 .O2 62 fore) 

Meg 0.70 .605 22 + .02 +o.30 | +0.30 +0. 30 
' 

Mn —1.10 0.90 0.70 +0. 10 
Mean —1.00 0.93 0.51 | —0.07 +0.10 0.21 +0. 35 

TABLE VI 
Star S cO4 T’ Ati 1osphere I hotosphe re Spectrum 
: 

a Orionis 1.00 2.00 2520 2900 cM2 

a Scorpii. 93 1.93 2620 3000 cM1 

a Bodtis SI 1.49 3380 3850 gko 

y Cygni 07 1.02 4950 5000 cF8 
(Sun) 00 (0.95 (5300) (6000) dGo 

a Persei 10 85 5940 6700 cF5 

a Can. Min 21 73 6900 7850 dF4 

a Can. Maj. +0. 35 0.58 8700 9900 A2s 


The spectra in the last column, which are given for comparison, are 


Wilson 


difference 


of temperature between dwarfs and giants appears to extend at 


It follows from equations (13) and (11) that for arc lines Y,= 
log Ni/N.; that is, Yo gives the relative numbers of atoms of the 
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given element in their normal neutral state above equal areas of the 
photosphere in the two stars. With sufficient approximation for our 
-purpose, this may be taken as the value of the total number of 
neutral atoms in the two cases. For enhanced lines, Y, gives the 
relative numbers of ionized atoms. Every entry in Table I gives 
a value of Y,= Y¥—SX. Taking means of the values for different 
groups of lines of the same element, weighted according to the num- 
ber of lines, we obtain the mean values given in Table VII. 


TABLE VII 


Tl te 
LV ¢ 
Loc : 


Ne 


RELATIVE ABUNDANCE OF DIFFERENT ELEMENTS IN STELLAR ATMOSPHERES 








Element a Orionis a Scorpii a Boitis y Cygni a Persei | ul ~y wan 
Fe 2.10 | 2.12 1.39 | 0.27 |—0.81 |—0.92 |—2 74 
Ti 2.96 2.03 |. 2.%% | 0.03 |—o SO —I.07 |—2.00 
Pee | 2.02 2.05 | 1.25 | 0.33 [—0.91 |—1.05 |—2.76 
Mg.... ..| 1.096 1.88 | 1.65 0.12 |—1.29 |—1.28 |—2.96 
Mn.. | 2.51 2.66 | 1.77. | 0.26 |—1.21 |—1.34 |—2.60 
Cr | 2.30 2.32 £.. 35 0.13 |—0.75 |—0.94 |—2.83 
V 2.84 2.97 | 2.39 |—0.02 |—0.94 |—0.70 |—2.37 
oe 2.96 3.06 | 2.38 | 
Na.. |} 2.06 | 2.18 1.21 | 0.35 |—0.99 |—0.60 |—1.86 
Fert. | 1.42 | 1.67 0.81 | 2.24 0.90 |—0.24 |—0.78 
rar. | 1.36 | 1.61 E07 | £.91 0.80 0.12 |—I1.31 
Bat.. ..| 1.60 :.72 0. 80 1.17 | 0.29 |—0.53 <a 
oct. | £.98 ’.360 i 8.24 | 1.98 I.o1 —=—@.%7 i—t.45 
mr, 2.79 2.06 1.12 | 2.21 0. 89 0.08 J--++5:. 





* All values of Les’ ‘are positive unless preceded by a minus sign. 
8. ATMOSPHERIC PRESSURES; EVIDENCE FOR EXTENSIVE 
CHROMOSPHERES 
From equations (11) and (9) we find, comparing neutral and 
ionized atoms of the same element, 


std 


Fe + Be a, $ Bate 4% 
log Pp. log N, log y,+ : log Tr + 50401 ( rT r') 


Here log N{/N, and log N{/N, are the relative abundances of neutral 
and ionized atoms as given in Table VII. The resulting values of 
the relative electron pressures in the various stars as derived from 
the three elements for which both arc and enhanced lines are avail- 
able are given in Table VIII. 
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The electron pressures thus computed range from 107 of the 
solar value for a Orionis to two hundred times the solar value for 
Sirius. Something is evidently wrong. The relative intensities of 
the arc and spark lines change much less with increasing stellar 
temperature than might be expected. We are again apparently 
faced with a serious departure from thermodynamic equilibrium. 

It is tempting to assume that the effective ionization potentials 
are diminished in the same fashion as the effective excitation po- 
tentials, but there is good evidence that this is not the case. 

TABLE VIII 


COMPUTED PRESSURES 





| | | | ‘¢ ‘¢ 
‘=r - . ‘ , : a Can a Can. 
Element a Orionis | a Scorpii | a Bodtis | y Cygni | a Persei _ 


( 
Min. 




















| | Maj 
Fe: | 
a) Terms not includingI|—o. 12 |—0.32 |+0.09 |—2.05 |—1.59 |—0.41 |—1.40 
b) Terms including I...|—8.22 |—7.67 |—4.22 |—0.55 |+0.78 |+1.72 |+2.90 
OSS oo 6 ara |—8 34 |—7-99 —4.13 |—2.60 |—o.81 |+1.31 |+1.50 
Ti: 
ene Leeeeeecesess |$O.50 |-+0.45 | +0.58 |—1.96 |—1.67 |—0.82 |—0. 41 
Re |—7.14 |—6.66 |—3.68 |—o0. 48 |+0.68 |+1. 50 +2. 52 
Oe | ee —6.64 |—6.21 |—3.10 |—2.44 |—0.99 |+0.68 \+2 II 
| | | 
Se: | | 
- oe ss : +0.58 |+0.99 |+0.65 |...... 
Wiks.c:3 eee —6.90 |—6.43 |—3. 46 | Ree Seppe, ear eee 
log £2/P os... .«:. ...|—-6.32 |—5.44 |—2.81 |.......]...... as 


| 3 5 | | , [eve 








In the solar spectrum the enhanced lines of Ca, Sr, Sc, Ti, and 
other elements of easy ionization are much stronger than the 
arc lines. It is clear that most of the atoms of these elements in the 
reversing layer are ionized. This is confirmed by the fact that in 
sun-spots the arc lines are greatly strengthened and the enhanced 
lines little affected. Indeed, Unsdéld’s data’ derived from the widths 
of the ultimate lines indicate that the number of ionized atoms is 
seven hundred times that of the neutral atoms for Ca, and two 
hundred times that for Sr. For Fe, the arc lines are much stronger 
in the sun than the enhanced lines. A rough comparison may be 
made by taking lines of the same excitation potential in the two 
cases, and comparing the intensities of the strongest lines arising 
from the corresponding levels. We thus find the results in Table IX. 

t Zeitschrift fiir Physik, 46, 772, 1928. 
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The three groups of lines are remarkably consistent in indicating 
that the number of neutral atoms involved in their production is 
about twelve times that of the ionized atom. Neglect of the quantum 
-weights probably affects the conclusion but little; but the factor 2, 
which represents the relative probability of the absorption of differ- 
ent multiplets, is a different matter. For the neutral atom the multi- 


TABLE IX 


I I 
LO 
Fet /Fe 
N I M d \ No I Me r \ 
s 88 5028 4.57 5 50 1753 2.03 I. 14 
1 3.27 | §370 70 4 3.20 | 5278 | 1.60 |—1.10 
4 3.90 5957 2.23 4 3. 35 0245 i.27 |= 1.00 


plets here considered are among the strongest which arise from the 
given levels; for the ionized atom there is no doubt that the strongest 
multiplets are far in the ultra-violet, where the spectrum is incom- 
pletely analyzed. The actual number of ionized atoms must there- 
fore be much more than one-twelfth that of the neutral atoms, and 
may even exceed the latter. 


TABLE X 


RELATIVE IONIZATION IN THE SUN 


Element Va Sr Ca Si Ti V Cr Un Vs Fe Ba Cat 
I 5. 13|5.67|6. 09/6. 57/6. 80/6. 76/6. 74/7. 40/7. 61] 7.83 9.98 11.82 
log N;/No 2.67\2.05|1.65|1. 10/0. 98/1. 02/1. 04/0. 41/0. 19| (0. 00)|— 2. 62) — 3. 88 


Iron-arc lines of low excitation potential are strengthened in sun- 
spots, while those of high excitation potential are slightly weakened. 
The enhanced lines are all greatly weakened in spots. 

Equation (10), the quantum weights being neglected, gives 


log N,=log N.+log D—s5040 1/T . 


The relative values of log V,/N, for different elements depend only 
on the ionization potential and the temperature. For a tempera- 
ture of 5300° these values (Fe as a standard) are given in Table X. 
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With Unséld’s value for Ca, it would follow that about 95 per cent 
of the atoms of Fe were ionized. This figure is entirely too high. 
With the temperature adopted by Unsold for the reversing layer, 
4830°, Fe comes out go per cent ionized. To account for the facts, 
if the thermodynamic factor is given its full value, it is necessary 
to assume that the effective pressure in the solar atmosphere is of 
the order of ten times greater for Fe than for Ca, which is quite 
reasonable, as Ca rises far higher in the chromosphere. 

The departure from thermodynamic equilibrium which is indi- 
cated by Table VIII may, however, reasonably be found in another 
direction. At the surfaces of all the stars here considered, radiation 
pressure is much stronger, in comparison to gravity, than it is in 
the sun (see Table XII). The chromosphere, which is held up by 
radiation pressure, is not even approximately in thermodynamic 
equilibrium. The presence of extensive chromospheres upon these 
stars, especially the redder giants, may explain the discrepancies. 
It is interesting in this consideration to note that the computed 
pressure in the stars is lower (that is, the observed strength of the 
enhanced lines is greater in proportion) for Fe than for Ti and Sc. 
Those of 77* and Sc* rise much higher in the solar chromosphere 
than those of Fe*. A passage to conditions in which all three were 
present in a very extensive chromosphere would produce a greater 
change for Fe* than for the others, and this agrees with observation. 

The assumption of an extensive chromosphere, however, does 
not explain the unexpected strength of the arc lines of the metals in 
Sirius, relative to the enhanced lines, and further study will thus be 
necessary. 

g. EXTENT OF THE ATMOSPHERES 

In estimating the extent of the atmosphere, it would be more 
satisfactory to use the whole number of atoms of a given element 
than the number of ionized or neutral atoms, and this can be done 
if the relative numbers of atoms of the two sorts in the sun are esti- 
mated. For our present purpose, we may start with the assumption, 
probably near the truth, that Fe and Fe* are equally abundant in 
the sun. The relative proportions of neutral and ionized atoms of 
other elements in the sun may then be found from Table X, and 
those in the stars referred to the whole amount in the sun as stand- 
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ard, by Table VII. The results are given in Table XI. For each 
element, the neutral atoms are given in the upper line and the 
ionized atoms in the lower. The results are given in the nearest 
round numbers, which is all that the data warrant. It should be 
borne in mind that the unit of abundance is different for each ele- 
ment, but the same for any one element in all the stars. 


TABLE XI 


COMPOSITION OF STELLAR ATMOSPHERES 


Na Ca Se | Ti | Yr | Cr | Mn | Mg | Fe lal 


Sun ; © .002 ©.02 ©.07 | 0.09] 0.09 0.08 0.28 | 0.39 | °.50 0.00} 0.08 
998 0.98 0.93 | O.91 | 0.91 | 0.92 | 0.72] 0.61 } o.50] I “ I .g2 
| | | | | 
a Orionis 2 2 70 | 90 | 60 20 | go 40 | 60 
30 | 20 | 15 | 40 600 
" | | | 
a Scorpii 3S 2 go | 60 80 | 20 130 | 30 | 70 | | 
20 | 40 | | 5° |IIO 
| 
a Bodtis 03 0.4 15 10 | 20 | 2 | 15 20 10 | | 
15 | 10 scees ' | 3 | 6 | 10 
| | | | | 
y Cygni 0.005 0.05 eo. | @2 | @2 og i o.s | s 
ye) | 7° | go 15 {150 
a Persei 2X10-4 2X10-3 | o.o1 |} OOo | 0.02 | 0.02 0.02 0.08 | | 
Io | 6 | | 4 2 8 
| | | | 
a Can. Min.. 5 X10-4 2 X10-3 8X10-3| 0.02 |} ©.OI 0.01 | 0.02 | 0.06 
0.6 | 1 0.3 | 0.3] % 
| | 
a Can. Maj.. 3 X10-5 4 X10-5 8 X 10-4 |4 X10-4 |1 X 10-4 |7 X 10-4 |5 X 10-4 |g X 10-4 | 
0.03 | 0.04 | | °.08 0.01 


If more enhanced lines had been studied, as they will be when ob- 
servations can be made in the ultra-violet, the table could have 
been made considerably more complete. As it stands, however, it 
is very instructive. The percentage of ionization appears consid- 
erable, even in the coolest stars. The relative abundance of the 
elements from Sc to Ba is much the same in all the stars, except 
that the figures for Cr run rather low. The low values for neutral Ca 
must be due largely to high ionization; but, unless it behaves very 
differently from Sc and Ti, which are only a little harder to ionize, 
it must be present in most of the stars in smaller proportions than 
in the sun. The H and K lines are unfortunately too strong to be 
calibrated by the present method. Measures by more precise 
methods should settle this point. 

Sodium must be very greatly ionized, even in the coolest stars 
(except a few dwarfs). By allowing for this, it appears to be abun- 
dant everywhere, and surprisingly so in the hotter stars. 
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The total amount of metallic vapor above unit area of the photo- 
sphere, with the sun as standard, may be estimated from these 
data as 100 for a Orionis and a Scorpii; 80 for y Cygni; 20 for a 
Bootis; 6 for a Persei; 0.6 for Procyon; and 0.05 for Sirius. No 
account has been taken of doubly ionized atoms. 


10. THEORETICAL EXTENT OF ATMOSPHERE 

It is of interest to compare these results with the predictions of 
theory. Eddington‘ has found a solution which “should give a good 
approximation for the outer layers”’ of a stellar atmosphere down to 
an optical depth 7 of 0.25, which he takes as the top of the photo- 
sphere. Within this upper region the temperature ranges only be- 
tween 0.84 and o.g1 times the effective temperature 7, of the 
photosphere, and thus may be taken as isothermal. If g is the sur- 
face gravity and pg the gas pressure, he finds that 


pi =const. rgT?’’ . 


The constant would be the same for all stars, provided that the con- 
stant C were the same as in the equation? for the general opacity, 
K=Cp/pT?” . 
In the derivation of this equation it has been assumed that all the 
atoms present are ionized. This is a safe assumption inside a star, 
but not in the atmosphere of the cooler ones. The neutral atoms 
produce very little opacity, but make their full contribution to the 
density. We may therefore regard C as variable and equal to the 
ratio of the total number of atoms to the number of ionized atoms. 
Eddington’s analysis then gives 
pi =const. CrgT?”? . 

Now let Y¢ be the mass above unit area, at the depth corresponding 
to 7, which can be supported by the gas pressure. Then p¢=gV¢ 
and 

Yg=const. C'/271/2g—-1/2T9/4 , 
If Y, is the mass per unit area which could be supported by the pres- 
sure of the star’s whole radiation, we have 

Vr=const. T?/g , (15) 


* The Internal Constitution of the Stars, pp. 358-362, 1926. 
2 Op. cit., p. 229. 
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w 


whence 
Yc=const. r'/2C" e¥y ee (16) 
This equation shows the amount of matter in the reversing layer 
above the optical depth r. It takes no account of the chromosphere, 
which is supported by selective radiation pressure arising from the 
spectral lines. If Z is the mass per unit area which is actually so 
supported, we may write 
Z=2YR. (17) 


If the dark lines were distributed uniformly over the whole spec- 
trum, z would be a constant. In practice it will depend on the ratio 
of the energy in the region where the lines are to the total energy, 
and will be a factor of the nature of luminous efficiency and different 
for different elements. It may be taken as roughly proportional to 
the visual luminous efficiency (the photographic value might be 
better). 

The differences in extent of atmosphere for various stars (down 
to the same optical depth) should therefore depend mainly upon 
Yr. Increase in the supporting power of radiation should be ac- 
companied by a more extensive reversing layer, and a still more ex- 
tensive chromosphere. For the cooler stars, the decrease in the 
luminous efficiency z should diminish the chromosphere, but the 
increase in the factor C with diminished ionization should extend the 
reversing layer. The value of Yr depends mainly on the absolute 
magnitude of the star. If m is the mass and M the absolute bolo- 
metric magnitude, we find easily 


log Vr=1.93—0.4M—log m , 


the constant being adjusted to make Yr=1 for the sun. Over the 
range for M = —2 to M=10, Eddington’s mass-luminosity relation 
is represented by 

log m=o.61—0.12M, 
with residuals nowhere exceeding 0.08. Hence, accurately enough for 
our purpose, 


log VYr=1.32—0.28M , 


and Y x is nearly doubled for an increase of absolute brightness by 


one magnitude. 
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For the stars here considered, we need not have recourse to the 
general formula. Their spectral classes and effective temperatures 
are known; determinations of parallax and absolute magnitude are 
available, and from these the diameters may be computed (when 
first directly observed). The masses of Sirius and Procyon are 
known, and those of the rest may be obtained from the mass- 
luminosity law. The adopted data are given in Table XII.’ 


TABLE XII 


CoMPUTED EXTENT OF STELLAR ATMOSPHERES 





a Orionis a Scorpii a Boétis y Cygni a Persei aCan. Min. a Can. Maj 
Ds .<ceovl mee cM gKo cF8 cF5 dF4 A2s 
- . . 3000° 3050° 4200° 5800° 6400° 6800° 10,000° 
Bolom. M. —4.9 —5.6 —o.8 —3: —2: +3.0 +1.1 
Diameter. 250 450 27 (39) ( 20) (1.9) (s. 5) 
Mass (32) (50) (9) (12) (8) 1.1 2.4 
g ; ©. 0005 ©. 00025 ©.O12 0.008 0.02 0. 31 0. 38 
YR Jan) Sas 270 20 110 65 5.2 20 
Z 0.22 0.23 0.04 1.00 1.02 1.02 0.75 
C-1/2Y, 8 12 | 10 8 2.4 <9 
C—1/2p,. 0.004 0.003 ©.045 0.08 °o.10 0.70 2.2 
foes 27 32 13 110 67 5.5 15 
c 4 4 2 I I I I 
Y¢ .| 16 24 5 10 8 2.5 6 
Obs. Te... 2900 3000 3850 5600 6700 7850 9900 
Obs. Yo 100 100 20 80 6 0.6 0.05 


Diameters, masses, etc., are given in terms of the sun’s as unit. 
Those not derived from direct observation are given in parentheses. 
The absolute magnitudes of y Cygni and a Persei, being uncertain, 
are marked with colons. The sun’s effective temperature is taken as 
6000°, and the values of z are the visual luminous efficiencies, taking 
that at 6000° as unity. The lines headed C~'’*V¢, zYr, C~'* pg give 
what should be the relative amounts of material in the reversing 
layer and in the chromosphere, and the pressure in the reversing 
layer, provided that the effect of changing ionization upon general 
opacity were negligible. The ionization factor C may be estimated 
from Table XI, with the aid of the data for titanium— an element of 


* The basal data are in general those adopted in chap. xxi of Russell, Dugan, and 
Stewart’s Astronomy. The masses of a Orionis, a Scorpii, and a Boétis are increased, 
the first two to allow for the heat-index, and the last, on account of the well-known 
anomaly in its spectroscopic parallax (o/. cit., p. 875). The parallax of a Orionis is taken 
as o’o15 and its angular diameter as 07035, according to values communicated by 
van Maanen and Pease as expressing the best available values. 
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intermediate ease of ionization. Only rough values can be or need 
be given. The values of 7, the photospheric temperature, and Yo, 
the extent of the atmosphere, as judged by its content of metallic 
vapors, are given at the bottom of the table. The temperatures 
agree excellently with those derived from evidence of other sorts, 
except that Procyon comes out too hot. The observed “extent” 
of the atmosphere exceeds the computed, for the cooler stars, and 
is very much less for Sirius. 

This deviation is in the direction which would occur if the cor- 
rections for excitation potential which have been applied in calculat- 
ing the abundance of the various elements were too great; but this 
explanation is untenable, for the ultimate lines, for which E=o 
and no correction is necessary, give substantially the same result as 
the rest. 

For the redder stars, the discrepancy is hardly alarming in the 
present state of both theory and observation. For Sirius, it is at 
first sight surprisingly great; but no account has so far been taken 
of second-stage ionization. A simple calculation shows that at a 
point in Sirius’ atmosphere, with a temperature of 8700° and the 
same electron pressure as was assumed to exist on the sun (Table 
X), the percentage of doubly ionized atoms should be 99 for Ba, 
92 for Ca, 80 for Sc, 50 for Ti, 20 for Mg, and 3 for Fe and Si. Even 
with a liberal allowance for higher pressure in Sirius, it is clear that 
the estimates of abundance given in Tables XI and XIT should be 
much increased. 

It follows also that the chromosphere of Sirius must be composed 
almost entirely of doubly ionized atoms (except for the permanent 
gases) and that the ordinary enhanced metallic lines, as well as the 
arc lines, should originate at low atmospheric levels, there and in 
other A stars. The enhanced lines would therefore be weaker in 
Sirius for 77, which is chromospheric in the sun, than for Fe, and 
this is actually the case. 

It is quite possible, however, that the metallic vapors in Sirius 
are diluted with some other gas which contributes relatively more 
than in the sun to the general opacity. The enormous strength of 
its lines suggests that hydrogen is responsible. In the upper part 
of Sirius’ atmosphere, hydrogen should be strongly ionized, but 
toward the bottom the ionization should be rather small, and the 
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value of C might thus be considerably increased. The relative 
strength of the arc lines in Sirius, which leads to the high values of 
the pressure in Table VIII, remains incompletely explained, but it 
may be that the assumptions on which our calibration is based 
become inaccurate for these very weak and rather broad lines. 


II. BEHAVIOR OF HYDROGEN 
The hydrogen lines are very strong in all the stars here studied. 
Direct estimates on the spectrocomparator gave intensities as 























follows: 
ra Pee Brey eS er Eee 
| a Orionis | @ Scorpii | a Bodtis y Cygni | Sun | a Persei | a Can. Min. 
eo 50 60s 35 30 40 25 45 
ae 45 45 | go | 6 25 | 30 | 25} 40 
ie ensanes 25 25 | 20 | 25 Co 20 | sl 30 





In Sirius they are much too strong to estimate. 

There appears, therefore, to be much more hydrogen, in the 
excited states, in the atmospheres of the red giants than in the sun’s 
atmosphere. With the smallest plausible allowance for the effect 
of the excitation potential of 10.15 volts, the abundance of normal 
hydrogen must be thousands of times greater in Antares or Betel- 
geuse than in the sun. 

The great intensity of the hydrogen lines in the cooler giant stars, 
especially in the c stars, and its conspicuous dependence on abso- 
lute magnitude have long been a puzzle. Hydrogen, being light, 
is peculiarly subject to radiation pressure; and the greater strength 
of the latter, in comparison with gravity, in stars of great absolute 
brightness, may afford the explanation. As this, however, would lead 
us to anticipate stronger hydrogen lines in y Cygni and a Persei 
than are observed, other factors may also be at work. 


12. SUMMARY 

The present paper should be regarded as the report of a recon- 

naissance in new territory. The principal results so far reached are 
as follows: 

1. There appears to be a serious and widespread departure from 

the conditions of thermodynamic equilibrium in stellar atmospheres, 

which has the result that the relative number of atoms in excited 
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states, especially those of high energy, is much greater than is indi- 
cated by theory. The well-known behavior of the hydrogen lines 
appears to be a particular instance of the phenomenon. 

2. An empirical method of correction for the effects of this anom- 
aly has been developed, which leads to a new method of determining 
stellar temperatures. The temperatures thus found for stars of 
classes M to A are in excellent agreement with the accepted scale. 

3. The anomaly does not appear to affect ionization, at least to 
at all the same extent as excitation. 

4. The strength of the enhanced lines of Fe, 77, etc., in the red 
giants suggests that they are produced largely in extensive chromo- 
spheres, supported by radiation pressure. 

5. The amount of metallic vapor above equal areas of the photo- 
sphere in the cooler c stars (a Orionis, a Scorpii, y Cygni) appears 
to be of the order of one hundred times as great as in the sun. It is 
of the order of ten times as great in a Bodtis and a Persei as in the 
sun. The amount in Procyon is comparable with that in the sun, 
while that in Sirius is smaller, but cannot be closely estimated, on 
account of higher ionization. 

6. These results are in fair agreement with the existing theory 
of the production of a photosphere by general opacity in atmospheres 
of similar composition. It appears probable that in Sirius the metal- 
lic vapors are diluted by some other constituent (hydrogen?). 

7. The solar spectrum, compared with the spectra of the brighter 
stars in general, is characterized by the relative weakness and not- 
able sharpness of its lines. Procyon most closely resembles it in 
these respects, and it may turn out that these are general characteris- 
tics of dwarf stars (except in the latest types where the ultimate 
arc lines are very strong). 

A very large amount of work can probably be done with profit in 
this field. When precise measures of line intensities take the place 
of rough estimates, and the study is extended to many more stars 
and to the lines of other elements, some of the preliminary results 
here presented will probably require revision. It is hoped to con- 
tinue such work indefinitely at this Observatory. 

CARNEGIE INSTITUTION OF WASHINGTON 

Mount WILSON OBSERVATORY 
March 1928 








PREDICTED LINES OF Crit IN THE SPECTRA 
OF THE SUN AND OF a PERSET' 
By THEODORE DUNHAM, JR.,? ann CHARLOTTE E. MOORE 
ABSTRACT 


Basis of identification —A study of the multiplets in the Cr 1 spectrum, as derived 
from unpublished terms communicated by Dr. C. C. Kiess, indicates that many of 
the lines to be expected on the basis of theory have not yet been observed in the labora- 
tory. The theoretical positions of these lines have been calculated, and a search for 
them has been made in the spectra of the sun and of a Persei. 

As a result, 33 lines in the solar spectrum which were previously unidentified have 
been assigned to Cr*; 19 less certain identifications have been indicated as Cr+?. The 
best agreement is in the ultra-violet. Further, 33 predicted lines of Cr 1 have been 
identified in the spectrum of a Persei. When the stellar line is a blend, as is often the 
case, the contribution of Cr m has been estimated by taking account of the stellar in- 
tensity, wave-length, and all other possible identifications. In the green, several stellar 
lines of moderate intensity appear to be almost unblended and due primarily to pre- 
dicted Cr 11. 

In making the identifications of Cr 1 each multiplet has been considered as a whole, 
attention being given to the theoretical intensities of the individual lines. 

The spectrum of Cr has been measured by Exner and Haschek? 
and the behavior of the lines in the electric furnace has been studied 
by A. S. King.4 The majority of the stronger lines known to belong 
to the spark spectrum of Cr are present in stellar spectra of types 
ranging from Ao to Go. In the spectra of super-giant stars such as 
a Persei and y Cygni about thirty prominent lines are due to Cr 1. 
In the solar spectrum these lines are clearly represented, the strong- 
est being of intensity 5 on Rowland’s scale. They are all definitely 
weakened in the sun-spot spectrum. 

Dr. C. C. Kiess, of the Bureau of Standards, has very kindly 
communicated a number of unpublished terms in the spectrum of 
Cr u, thus making it possible to assign multiplet designations to 
most of the lines measured by Exner and Haschek. Many of the 
multiplets are incomplete, however, only the stronger members 
having been observed in the laboratory. Owing to the prominence 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 360. 


2 National Research Fellow. 

3In Kayser, Handbuch der Spectroscopie, §, 337, 1910; 7, 278, 1924. 

4 Mt. Wilson Contr., Nos. 94 and 283; Astrophysical Journal, 41, 167, 1915; 60, 282, 
1924. 














38 





THEODORE DUNHAM, JR., AND CHARLOTTE E. MOORE 


of these stronger lines in stellar spectra of early type, a search for 
the fainter members has been made in the solar spectrum and in 
that of a Persei. 

In the Revised Rowland Table’ as many as possible of the solar 
lines have been identified by comparison with the available labora- 
tory data for the various elements. Among the solar lines remaining 
unidentified, thirty-three have been attributed to Cri, as their 
wave-lengths agree satisfactorily with those predicted by theory. 
In the ultra-violet the agreement is particularly striking, as almost 
every line required by theory coincides with a solar line. A number 
of lines have been identified as members of multiplets which have 
not yet been observed in the laboratory, but which, from the combi- 
nations of well-known terms in the Cr If spectrum, might be expected 
to occur. For lines in groups whose reality is doubtful or whose 
residuals (A sun—X arc) are large, the identifications of the solar 
lines have been indicated as Cr*?; nineteen such lines have been 
included. A number of the predicted lines of Cr 11 are masked by 
those of other elements known to be present in the solar spectrum. 

Further confirmation is obtained by a comparison with the 
spectrum of a Persei. A high-dispersion spectrogram taken at the 
coudé focus of the 1oo-inch reflector has been examined for the pre- 
dicted lines between \ 3760 and A 6600. Since the known lines of 
Crit are much stronger on this plate than they are in the solar 
spectrum, the discovery of the predicted lines here should increase 
confidence in the corresponding solar identifications. Unfortunately 
the intrinsic width of all the lines is much greater in this spectrum 
than in that of the sun, and blends are therefore more frequent. 
This is particularly true in the blue and violet. Sometimes, however, 
the stellar line is definitely stronger than can be accounted for by 
the other known laboratory lines near the wave-length in question. 
In such cases it has been ascribed to a blend of Cr 11 and some 
other element. In identifying lines in the solar spectrum and in 
that of a Persei, each multiplet has been considered as a whole, 
attention being given to the theoretical intensities of the individual 
members as given by Russell.” 

t Carnegie Institution of Washington Publication, No. 396, 1928. 
2 Proceedings of the National Academy of Sciences, 11, 322, 1925. 
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SPECTRA OF THE SUN 























SUN | a PERSEI 
>» 
AL 4 v Vac.* 
ALA. | Int. Id. ALA.| Int. | Blends | SO" 

29076.72T.. .607 | —2 Cr+ 33584 .47 
3059.39. +377 ° Cr+ 32676 .890 
3050.52f.. .511 2 —Cr+ 32675 .50 
3330.13... .129 ° - J] Be Sete 29966 . 26 
3349.63... .653 | —1 Cr+ 29845 .32 
3353.131. .130 2 Cr+? |. 29814 .34 
3407.12... .136 | —2N Cr+ 28833 .990 
3603 .64 .622 2 —Cr+ 27741 .90 
3603 .81f .782 3 —Cr+ 27740.75 
3662.59 .625 | —3N Cr+? | 27205 .03 
3665 .47 -438 | —3 Cr+ 27274.11 
3669 .69 .687 I —Cr+ 27242.52 
3075.00 000 —3 Cr+ 27203 .17 
3688 .02 7-987 | —3 Cr+ 27107 .35 
3736.53.. -504 | —2 Cr+? 26754.79 
3755.14 136 ° Cr+ CN — 26622 .63 
3766 .65 668 3 Fe . os (26541 .26) 
3767.2 .206 8 Fe o3 | 4 Fe, Zr+ |\c (26837 22) 
4030.37 .350 ° —Sr 64 38 Mn [= (24804 .61) 
$053.44 434 ° Cr+ ear Ts 4 C+ 24663 .52 
4054.10f 078 ° Cr+ 82 7av Ti C+ 24650 .57 
4004.05... 054 I Cr+— . ei ‘ 24599 .08 
4072.63 | 514 2 Fe 61 2 Fe | B-?| (24547.27) 
4075 .66 708 ° Cet .87 4 Cet+, Sm+?| C+ (24529.01) 
4070.87 884 I Cr+ 73 5 Fe Cr 24521 .66 
4077.55 | 582 oN Cr+ 71 12 Sr+ Cc 24517.45 
4087 .63. | +607 —I Cr+ . , 24457 .20 
4088 .85 |} .852 |] —1 Ce 87 2 Fe, Ce+ | B? (24449 .87 ) 
4112.57 57 —1Nd? Cr+ 24308 .86 
4146 .45§ 500 | —1 Cr+? 24109 .95 
4170.64 639 | —1 Cr+ CN? ; ; 23970 .40 
4171.92... 909 2 Fe, Ti+ .92 | 10 Ti+ Cc (23963 .07 ) 
4172.62 590 | —1 Cr+ -71 4 Fe, Fe + 23059 .20 
$207 .34 -409 IN CN 20 4n Fe B- (23761 .34) 
4215.78 .813 | —2 CN 54 | 11 Sr+ > (23713.75) 
4217.08 .062 | —1 Cr+ | .27 In Gd+? B? 23700 .54 
4229.82 .776 3 CH Fe | .70 3n Fe e (23635 .o2) 
4233.28 .248 | —1 Cr 19 9 Fe+ C+ 23615 .88 
4279.00. Abs. oo?|} I Mo+?| A? (23363 .41) 
4280 .34 343 | —2 Ti? 52 2 Cr, Gd+? | C+ (23356.10) 
4281.08. .102 2 Mn .00 2n Mn B? (23352 .06) 
4504.56. 544 | —3 Cr+ 80 2 —Fe C+? 22193 .62 
4507.22 .232 ° Cr+ — 19 S. | Biscvceen A? 22180 .37 
4542.82.. .847 -—3 ee Se ye , 22006 .46 
4544.60.. .699 3 Ti -79 I Cr, Ti c (21997 .56) 
4558.84 -779 | —2 —Cr+? .66 7 Cr+ C+ 21929 .57 
4571.30 .300 | —2Nd? Cr+ .09 2 Mg i 21869 .51 
4572.83 .871 oN Cr+ ?- 80 ° A? 21861 .99 
4588.40 .402 —1N Cr+ .18 7 Cr+ Cc 21788 .0o 
4589 .89 -O55 3 Ti+ .96 8 Ti+ Cc (21780 .92) 
4621.51.. .481 —I Cr+? daa hei . 21632.05 
4608 .74 -773 I Ti .60 sn Cr, Ti cr (21276.35) 
$777.74. -73% | —2 Nd+? .76 I Nd+? | A? (20924 .55) 
4805.18. .102 3 Ti+ .14 9 Ti+ C? (20805 .08 ) 
4824.99. .964 | —2 Cr+? .02 ° ‘ A? 20719.79 
4876.53. .486 | —1 Cr+ .47 8 Cr+ B- 20500 .84 
5097 .41.. eer 04 4nd? Fe, Ni | B-? | (19612.36) 
5116.15. -I92 | —3 Cr+ 26 ° een ae 19540 .37 
5153.50. eS eee .36 4 Fe- B? (19308 . 56) 
5210.97.. -043 | —3 Cr+ 61 an Ti B 19185 .07 
5232.48... -517 —2 Cr+? .88 8v Fe C+ IQIOS .O4 
































MULTIPLET 
DESIGNA- 
TION 


a‘P; —b4D; 
a’?D;—a‘D2 
a7D2—a‘D2 
a’7D,;—a‘F, 
a’D2.—a‘F3 
a*D,—a®D5 
aD; —aoP, 
a?D;—b'P2 
a?D2.—b‘P.2 
aD, —aoF, 
a‘D2—a°F2 
aD; —aoF; 
atD,—aoF, 
a4D;—aoF, 
b*D,—a‘F, 
b*D;—a‘F; 
b4D.—a‘F, 
b4D;—a‘F. 
b*D,—a°D; 
b4D,—b'P, 
b4D;—b!P, 
b4D;—a®D; 
atP;—atD2 
b4D, —b4P, 
b4D2 —biP, 
b'D; —biP, 
b4D,—b'‘P; 
b4D,—b‘P; 
b4D2,—a‘P; 
atP2—a4D; 
biD,;—a‘P2 
b4D2—a‘P, 
b4D;—a‘P, 
atP;—a‘4D; 
b4D,;—a‘P, 
b4D.—a‘P; 


—aP, 
b4D2—aP, 
b*D;—aP, 
biD;—a6F, 
b!D,—aF 
b4D2—aF; 
biF3;—a4D; 
b4D,;—aF, 
b4D,—a°F, 
b4D;—a°F, 
b4F2—a‘D; 
a‘P1—a‘F, 
a‘P2—a‘F, 
a‘P; —a‘F, 
a‘P;—a‘F, 
a‘P;—a‘F, 
a‘Fy—a‘F, 
a‘P;—b'P, 
a‘P; —b‘P; 
a‘P2—b‘P; 
a4P2—b‘P, 
biF4—a‘F; 
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TABLE I—Continued 


| 
SUN a PERSEI cm - 
) | — = a ee : ULTIPLET 
+r | | | B | »Vac | DESIGNA- 
J ALA.| Int | Id. |ALA.| Int | Blends —_ | = 
| 

5246.86 783 | —2 Cr+ .85 | 3n | Fe |B 19054 .02 | asP; —a‘P2 
5249.56 587 —3 | Nd 41/1 3 | Nd+? | A 19043 .93)| asP3 —a'P, 
5274.96 980 ° |Cr+?—Fe | .o1 5 Cr, Fe | A— | 18952.16 | biF;—a‘F, 
5279.890.. 880 ° } Cr+? | ae ; | 4 |/ 18034.57 | biF5—a‘F, 
5280 ee o71 —I | Fe | s . = |\ (18933.75)| biF3;—a‘F, 
5318.49...| Abs | .46 I | Sc+ | A— | (18797.10)| a4Pr—a‘Py 
5346.08 | og2 | —I Cr+ 92 5 Cr Bf 18700 08 | a4P3;—b‘P2 
5368 °9 122 | -3 Cr+? | } | 18623.33 | a4F2—b‘P; 
5419.41 425 —3 Cr+? 1 | 18447 .01 atF; —b4P 
5430.37 368 | —1 Cr+? | | 18409.85 | atF2—biP: 
5472.55 Abs. .53 ° Fe A- | (18267 .96) biG, —a‘F 4 
5707 .OI 922 | —3N Cr+? } 17514.67 | a4F3;—aoP, 
5742.81...) .815 | —3 Cr+? | | 17408.23 | a‘F2—aP; 
5926.19 205 | —3 Cr } | 16869.53 biF4,—b'P, 
5970.32 | «311 | Cr 16719 .73 b4F2 —b!P; 


| 
| 


* Wave-numbers in parentheses are predicted values. All others are derived from the solar wave 
length in the second column 
t Observed in spark by Exner and Haschek; measures in arc discordant with predicted position 


t Measure by Exner and Haschek in spark at A 4054.12 does not agree with solar wave-length 
§ Cr 1 observed at A 4146.40 (2 IV) 


spark at A 4233.24 


Line measured by Exner and Haschek in arc at A 4232.87; 


The strongest predicted lines in the stellar spectrum are members 
of the a*F’—a‘F, a*P’—b‘P, b*F’—a‘F, and a*P’—a‘P groups in 
the green. A number of these lines are free from blends. Exner and 
Haschek measured a line at \ 4876.42 which appears to represent a 
blend of two members of the a‘F’—a‘F group at \ 4876.39 and 
d 4876.53. The pair is clearly resolved in the solar spectrum, both 
lines being much weakened in sun-spots. The stellar line is of in- 
tensity 8, a blend of both lines. The predicted line at » 5232.48 
(b4F,—a‘F;,) is in the violet wing of the strong iron line at \ 5232.95. 
The stellar line is measured at \ 5232.88 and has a distinct wing on 
the violet side, indicating that the Cr 11 line makes a sensible contri- 
bution. This is confirmed by the presence of a solar line of intensity 
—2 at X 5232.517. 

The predicted lines as identified in the spectrum of the sun and 
of a Persei are listed in Table I. The first column contains the pre- 
dicted wave-lengths of the Cr 1 lines; the second, third, and fourth 
columns give, respectively, the solar wave-lengths, intensities, and 
identifications; the fifth, sixth, and seventh columns give similar data 
for a Persei. In the eighth column the symbols A, B, and C indicate 
the extent of the contribution of Cr 11 to the line observed in a Persei; 
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A meaning that it predominates, B that it is comparable in impor- 
tance with some other element, and C that it is masked. The ninth 
column gives the wave-numbers in vacuo of the solar lines, except 
that values in parentheses are predicted wave-numbers. The last 
column shows the multiplet designations. 


The data listed in Table I form only a supplement to the work of 
Dr. Kiess, whose analysis of the Cr 11 spectrum has made this note 
possible. To him we wish to express our appreciation of his generous 
communication of material in advance of publication. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
. May 4, 1928 














THE ORBITS OF THE SPECTROSCOPIC BINARIES 
> 674A AND *& 1561B' 
By ROSCOE F. SANFORD 
ABSTRACT 


The binaries = 674A and Y 1561B are components of Struve double stars which have 
proved to be spectroscopic binaries. The absolute magnitudes involved in the visual 
components are quite normal for their types. 2 1561 has the fairly large annual proper 
motion, 0” 583. 

Spectroscopic elements —The components of Y 674A are so nearly alike in magni- 
tude and spectral class that the lines of both appear on its spectrograms. Circular 
orbits satisfy the radial velocities from the thirty-six spectrograms which have been 
obtained. The elements are: period, 3.4347 days; systemic velocity, — 29.4 km/sec.; 
semi-amplitudes of velocity variation, 95.8 and 101.3 km/sec. for primary and second- 
ary, respectively. It follows that m, sin3i=1.4038 © and m, sin3i=1.3276 ©. The 
agreement of the differences in the absolute and apparent magnitudes of A and B and 
the difference in their radial velocities suggests a physical connection of the two stars. 
There is, however, no certain change in position angle and distance since 1828. 

~ 1561B is a dwarf spectroscopic binary showing but one spectrum. Twenty-three 
radial velocities give an orbit for which the period is 23.5415 days; the systemic velocity, 
— 13.8 km/sec.; the semi-amplitude of velocity variation for the primary, — 25.8 km 
sec.; eccentricity, 0.35; angle of periastron, o°00; and time of periastron passage, 
J.D. 2424303.000 G.M.T. The rather large eccentricity and the small semi-amplitude 
of velocity variation are noteworthy. The mean radial velocity of = 1561A from seven- 
teen spectrograms is —18.2 km/sec. as compared to —13.8 km/sec. for © 1561B. This 
is probably close to its true velocity. The range in the individual velocities suggests, 
however, that A itself may be a spectroscopic binary. The radial velocities of A and B 
are consistent with motion in their visual orbits. 

The absolute magnitude, radial velocity, and proper motion of the tenth-magnitude 
companion to 2 1561AB indicate that it is not a part of the system AB. 


This paper deals with the determination of the orbital elements 
of two spectroscopic binaries that are components of known visual 
double stars. Table I summarizes some general data in regard to 


them. 
TABLE I 





Struve No. -“-— H.D. No + | Sp. | a1goo | 41900 & | —_ 
ae ee oh oe 2 en a A en eo ae 8 es ae 
674A .| 2625A 34335A 6.8 | F5 gazr™ | +o0 1°|.....-.] 2.82 
1561B....| 5858B | 101177B | 8.2 | K4 | 11 33.5 | +45 40 | 07583 6.7 
| | 
| 





One-prism spectrographs equipped with 18-inch cameras have 
been used for the investigation, except for a few plates of the second 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 


ington, No. 361. 
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star, for which shorter cameras were substituted. The plates taken 
with the 60-inch reflector are marked by a y; those with the 100- 
inch, by a C. The radial velocities in all cases are means of at least 
two measures. 

> 674A 

Burnham has numbered this visual binary 2625 in his Genera] 
Catalogue and remarks that it appears unchanged over an interval 
of thirty-five years. Lewis,’ however, says there is some slight evi- 
dence for a slow decrease in the distance, a point which a few good 
modern measures should have been able to settle. 

> 674A was observed spectroscopically at this Observatory be- 
cause its absolute magnitude would be of interest in case the sus- 
picion of motion in the visual orbit were verified.2 The first two 
spectrograms showed single-lined spectra that gave fairly accordant 
values of the radial velocity. The third plate, however, showed 
double lines, presumably from the spectra of two similar components 
in orbital motion. Subsequent observations left no doubt as to the 
binary character of 674A. Thirty-six spectrograms were ulti- 
mately obtained between September, 1926, and February, 1928. 
Their distribution was such that the true period was not discovered 
until late, which accounts for a considerable number of spectro- 
grams having been obtained at phases inappropriate for the separa- 
tion of the two spectra. About two-thirds of the plates, however, 
yield velocities for both components. Their spectral types are closely 
alike and have been classified by the Mount Wilson observers as 
F2s. The Henry Draper classification is F5. Table II gives the ob- 
servational data, which need no comment. 

Numerous trials and adjustments finally gave P= 344347. Fig- 
ure 1 shows the plot of the velocities of Table II when referred to a 
single epoch by means of this period. The velocities of the primary 
are denoted by small circles; those of the secondary by larger ones, 
while crosses represent velocities from unresolved spectra. It is ap- 
parent that the period can scarcely be in error as much as ofoor, 
for such a modification would introduce inadmissible changes in the 

* Memoirs of the Royal Astronomical Society, 56, 140, 1906. 


2 Dr. Aitken has kindly communicated the latest measures of this visual double, 
and it is his opinion that there is no certain change since it was first measured in 1828, 
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assemblage of the velocities, which extend over one hundred and 

thirty orbital revolutions. It is further evident from Figure 1 that 

simple sine curves will adequately represent the observations and 
TABLE II 


OBSERVATIONS OF > 674A 


VELOCITY RESIDUAI 

PLATE No Dati G.M.T PHASI - 

Pr eC P n rec 
| k ec ki r km /se¢ km /se€ 

y 14511...| 1926 Sept.18 | 0"37™) ofg1g |— 33.9 
14593 Oct 17 O 22 2.490 i 2.3 
14606. . .} Nov. 14 | 22 56 0.459 |+ 31.7 04.4 — § rt 
14704 Nov. 15 22 00 1.420 Im3.5 it 58.5 - 4 ° 
14717 Nov. 17 22 19 3.433 | +t 62.9 |—128.4 ) ° 
14730 Nov. 19 | 23 48 2.000 |— 95.9 I+ 45.0 ~ 9 ~~. 2 
14737 Nov. 20 21 23 2.950 i+ 45.2 |— 99.9 +11 — 7 

C 4119 Nov. 21 $3 0.590 |— 27.2 
4143... Dec. 16 22 4! 1.536 |—115.4 66.7 + 3 — 2 

y 14768 Dec. 19 IQ 24 0.904 |— 34.8 

. ares... Dec. 20 I5 59 1.822 |—118.0 74.4 +3i1+2 
4158...| 1927 Jan. 9 20 28 | 1.401 110.0 66.7 — 2 9 

| ) 

Y 14776 Jan. 12] 15 15 | 0.748 23.0 
14780...| Jan. 12 20 35 | 0.970 |— 29.4 
14782...| Jan. 13 15 47 1.771 131.4 |+ 64.2 — 9 — 9 

C 4431 Sept. 12 Oo 4I C908 Fe PG Boke hike diocese ys 

> | . l 

y 15208 Sept. 15 O 25 2.000 i— 70.5 20.0 r 2 ae 

/ . | be | / ! 

Pean7....! Oct. oO a3 7 3.169 |+ 50.9 |—104.7 — 7 +12 

C 4465 cet. 23 ’ §| Sot? i— 33.0 
4470 Oct. 12 055] 1.810 '42.0 80.8 fe) + 8 

| ) 

y 15311 et. 23 | 050} 2.08% [+ 17.4 [— 74-4 r 5 — § 
15310 cet. x3 20 30 O.I9g1 |+ 506.6 121.3 — 6 + I 
ESS73...1 Nov. 3 22 36 0.671 |- 2.0 \/— 71.2 — 3 —10 
154260 Dec. 6 16 14] 2.493 |- 28.1 
15431 Dec. 6 23 23 | 2.798 It 9.8 61.5 ° 4- 5 

C 4570 Dec. 7] 18 55] 0.170 |+ 68.8 129 7 5 -s 

vi . | > | / I é 5 , wo 5 
4577 Dec. 8 14 58 | 1.006 35-4 

Y 15455 Dec. 31 | 17 9 | 0.054 |+ 69.0 126.9 rest + 
15458 Dec. 31 | 21 34] 0.238 |+ 66.0 |—123.6 | +6 — 4 
15460 1928 Jan. 1 16 21 | 1.020 33.0 

- | } | | l 
15468...| yan.. 21] 22 § 2.259 |— 76.5 O.1 rs +12 

. | | | | ' 

C -4603:. «| jan. 31 15 93 | 2.980 I+ 39.4 86.4 2 r 9 
4607 yan. 3 | 2% 92 3.220 [+ 02.4 |—124.5 I — 3 

y 15482 Jan. 4 1g 24 | 713 |— 29.6 

. , | 
15590 Feb. 8] 15 30] 1.203 |— go.0 20.7 6 12 


that the orbits are therefore sensibly circular and fully described 
by the systemic velocity, the semi-amplitudes of velocity variation, 
and an epoch. It is assumed that the value for the period is defini- 
tive. The semi-amplitudes were obtained by an inspection of the 


plet of velocities in Figure 1. 7, the epoch, is arbitrarily chosen as 
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the time when the primary has its greatest positive velocity. The 
velocity of the system, , was found by taking the mean value of the 
velocities from plates, with unresolved components. Table III 
indicates these preliminary elements. 





km/sec. 


-— IG0 

















—0.5 0.0 +0.5 +1.0 +1.5 +2.0 Days 


Fic. 1.—Radial-velocity curve of 2 674A 


Since the two spectra are so nearly alike, equal weights have been 
given to the velocities of the two components. In order to correct 
the four elements, y, K,, A,, and 7, it was therefore decided to derive 


TABLE III 
PRELIMINARY ELEMENTS 


P=3.4347 days (definitive) 


y = —30 km/sec. 
K,=100 km/sec. 
K,=105 km/sec. 


T=J.D. 2424837.960 G.M.T. 
a single set of normal equations with the conditional equations from 
both primary and secondary, in accordance with a formula given 
by Harper.' The plates yielding only a single velocity were not, 
therefore, used for this solution. The residuals for the individual 


* Publications of the Dominion Astrophysical Observatory, 1, 327, 1914. 
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velocities were computed with the aid of the preliminary elements. 
The least-squares solution then gave dy=+2.6 km/sec., dK,= 
—4.2 km/sec., dK,=—3.7 km/sec., and dT = —o04028. 

After making the foregoing corrections, the elements adopted 
for > 674A and the functions of mean distance and mass are as given 
in Table IV. The two velocity-curves from these elements are shown 
in Figure 1, together with a broken horizontal line for the velocity of 
the center of mass, y. The probable error of a velocity of unit weight 
is +4.2 km/sec. 

The absolute magnitudes of the two components of 2 674A given 
by their spectra are about 2.8. It is readily shown that the inclina- 


TABLE IV 
ADOPTED ELEMENTS 
P=3.4347 days 
y= —27.4 km/sec. 


95.8+1.09 km/sec. 


1 Ay 


K,=101.3+1.09 km/sec. 

T=J.D. 2424837 .932+0%005 G.M.T. 
ad, sin i=4,525,000 km. 
a, sin i=4,784,000 km 


m, sin’ w=1.4038 © 


pay 


m, sin} i=1.3276 © 


tion, 7, of the orbit plane needs differ only slightly from go” in order 
to give masses which, with this value of the absolute magnitudes, 
harmonize well with Eddington’s mass-luminosity relation. 

Only one spectrogram of the secondary star (vis. mag. 9.5) of 
the visual pair has so far been obtained. This gives the estimated 
spectral class K2, absolute magnitude 6, and radial velocity —37 
km/sec. Although these values are consistent with the assumption of 
a physical connection between A and B, the evidence is hardly con- 
clusive, because the foregoing values are derived from only one 
spectrogram of B, and also because there seems to have been no 
change in position angle and distance within a century. 


~1561B 


Burnham’s General Catalogue gives the following remark con- 
cerning this visual double star: 
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No. 5858= = 1561. The principal star has a large proper motion: 
ee ... 0.670 in 274°0 
A. G. Bone. .......... ©. 699M 273.3 
The motion of the companion is practically rectilinear and this may be a system 
of the 61 Cygnitype..... There is a distant 10™ star, first measured by William 
Herschel and not in Struve, which does not belong to the system... . . If the 
distant star is fixed in space, which is likely to be the fact, the measures indicate 
that the proper motion of A, from meridian observations, is too large. 

In his Measures of Proper Motion Stars, Burnham gives the value 
o”s59, which agrees with 07583, the total proper motion in Boss’s 
Preliminary General Catalogue. Apparently, therefore, the tenth- 
magnitude distant companion has, as Burnham inferred, a very 
small proper motion. Observations of this visual double, which 
were kindly placed at my disposal by Dr. Aitken, indicate a con- 
tinued slow decrease in both position angle and distance. 

The primary star is H.D. 101177 (appt. mag. 6.3, sp. type Go). 
Burnham estimates the secondary as 2 mag. fainter than the pri- 
mary, while Adams' and his collaborators find F8 and K4, and 4.1 
and 6.7, respectively, as the estimated spectral classes and the 
absolute magnitudes. The difference in the absolute magnitudes is 
consistent with the difference in the apparent magnitudes. Further- 
more, it is evident that both components are normal stars of the 
main branch in Russell’s diagram. 

The measures of the first two spectrograms of }1561B gave 
strong evidence that the radial velocity is variable, which later 
plates substantiated. It was then assumed to be a spectroscopic 
binary, and twenty-nine spectrograms were obtained between May 
1919, and July 1927, for the determination of the orbit. Table V 
gives the data. Six spectrograms, as indicated in the table, were 
taken with cameras of short focus. The spectrum of only one star 
is registered on any of the plates. 

The six velocities from low-dispersion spectrograms were not 
used in deriving the elements. The twenty-three remaining veloci- 
ties can be satisfactorily assembled by using P= 2345415, as has 
been done in Figure 2. It is evident from their arrangement that the 
orbit is an ellipse of considerable eccentricity. Elements deter- 


* Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 61, 1921. 
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mined and corrected by methods suggested by Russell’ have been 
adopted without revision by the method of least squares. These are 
given in Table VI, together with the functions of mean distance and 





mass. 
TABLE V 
OBSERVATIONS OF 2 1561B 

Plate No. Date | G.M.T. | Phase | _ Vel | O-C 
| km/sec km/sec. 
y 8134 .| 1919 May 8] 18'16™ 219207 | + 2.2 — 2 
C 276. .| 1920 Feb. 5 | 21 28 | 11.839 | —26.6 + 4 
CC — Mar. 30 | 20 23 | 18.710 | —15.0 | ° 
348... Apr. 3 19 50 | 22.690 +19.6 | +2 
402 May 5| 1648 | 7.479 | —21.2 | + 4 
1047 1921 June 11 | 1747 | 9.314 | —24.9 | + 4 
1659... .| 1922 Apr. 10 | 19 44 | 6.356 | —22.0 | ° 
2645 | 1924 Jan. 21 ©0117 | 20.928 | + 0.2 — 1 
2686. Feb. 17 | 21 19 | 1.718 | +22.8 +12* 
7 12500 Feb. 18 | 22 46 | 2.7709 —14.5 | —14* 
12504... aa Feb. 19 | 22 44 | 3-777. | —12.0 | — 4* 
12506... | Feb. 20 | 19 59 | 4.655 | —16.0 | — 2* 
cS st27.. .| 1925 Jan. 10 | 23 16 0.218 +17.0 | —4 
3130. ae ne Jan. 11 | 2I 40 1.152 +14.2 | -3 
MR cece sapcinca es May 29 18 16 21.305 — 2.5 | — 8 
3300. . oo] June 4 18 24 3-769 | — 2.4 | +6 
3315.-.-- | June 6 I5 50 5.660 | —14.2 | + 5 
Y 13446 rt June 8 | 17 22 7.724 —27.6 | — I 
\ 3337 eee .| June 13 | 16 42 12.696 —27.1 | + 3 
36079 ....| 1926 Feb. 5 | 21 56 14.496 —32.2 | —4 
) — ‘aC Apr. 21 | 20 39 18.840 —14.5 | ° 
3706. . ; Apr. 25 16 3 22.632 +15.8 | —2 
Ce eo June 21 16 17 9.012 —23.8 | + 5 
3838. et June 22 16 4 | 10.005 —23.0 | + 7 
vy 14856.. ..| 1927 Mar. 15 21 39 17.281 26.1 | — 4° 
ee : Apr. 17 20 9 3.136 - 2.8 | ° 
4249... ee May 9 15 42 1.049 + 9.8 | — 4* 
rare, May 21 16 57 13.461 —43.2 | —13 
I5101.. July 11 16 23 17.355 — 30.3 — 8 





* Dispersion approximately one-half that for the remaining plates. 


The velocity-curve which they define appears in Figure 2. The 
broken line shows the velocity of the system, y. The residuals given 
in Table V have been read from this velocity-curve. Residuals are 
also included for the six plates of low dispersion, although they do 
not appear in the radial-velocity diagram. 

> 1561B is, therefore, a dwarf spectroscopic binary which shows 
only the spectrum of its primary. The eccentric:ty is unusually 


t Astrophysical Journal, 40, 282, 1914. 
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large. Beer’ finds that dwarf spectroscopic binaries of about the 
period of > 1561B have a mean eccentricity of 0.18. The small 
semi-amplitude found here is affected, of course, by the value of the 





km/sec. 
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Fic. 2.—Radial-velocity curve of 2 1561B 
unknown inclination of the orbital plane. Nevertheless, it may well 
be that the orbital velocity is really small, for it appears that, on the 
average, small amplitudes are characteristic of dwarf spectroscopic 
TABLE VI 


ADOPTED ELEMENTS 


P=23.5415 days 
y=—13.8 km/sec. 
K,=25.8 km/sec. 
e= 0.35 
W= 0.00 


T=J.D. 2424303 .000 G.M.T. 
a; sin i= 7,806,400 km 
_m, sins 7 


(m,;+m.,)? 





=0.0343 O 


binaries showing a single spectrum, a possible explanation of which 
lies in a small total mass and a small ratio of m, of the secondary to 
m, of the primary, as Beer? has pointed out. 

1 Veriffentlichungen der Universitats-Sternwarte zu Berlin-Babelsburg, 5, Sec. 6, 
Chart 7, 1927. 

2 Ibid., p. 57. 
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The seventeen available determinations of the radial velocity of 
Y 1561A give a mean of —18.2 km/sec. There is, however, evidence 
that the radial velocity of A is variable, for the individual velocities 
range from —8 to —31 km/sec. Hence the real difference between 
the true velocity of A and the systemic velocity of B (—13.8 km/ 
sec.) will be subject to some uncertainty until the question of the 
variability of the radial velocity of A is cleared up. The indicated 
difference is, however, quite compatible with the orbital motions of 
the two stars of the visual pair about their common center of gravity. 
The similarity of the difference of the absolute magnitudes to the 
difference of apparent magnitudes and their known motion as a 
visual pair, together with undoubtedly nearly equal radial velocities, 
leaves no doubt of their physical association as a true double star. 

One low-dispersion spectrogram of the tenth-magnitude com- 
panion to this visual double has been obtained. It appears to be a 
giant of spectral class G5 with a radial velocity of —32 km/sec. 
The very small proper motion, the giant characteristics of its spec- 
trum, and its radial velocity all point to the fact that this star is 
not physically connected with the system = 1561AB. 

CARNEGIE INSTITUTION OF WASHINGTON 

Mount WILSON OBSERVATORY 
March 1928 








THE ORBITS AND MASSES OF THE TWO COMPO- 
NENTS OF THE ECLIPSING VARIABLE 
RX HERCULIS' 
By ROSCOE F. SANFORD 
ABSTRACT 

Spectroscopic orbit—The elements of the circular orbits of the two components of 
RX Herculis, based on twelve spectrograms, are y = — 24.9 km/sec., Kr= 130.6 km/sec., 
K,=146.5 km/sec. The epoch and period given by Shapley in his formula for primary 
light-minimum seem to be quite satisfactory (Primary minimum= J.D. 2419658.5882+- 
117785740E G.M.T.). It follows that a; sin i= 3,194,000 km; a2 sin i= 3,583,000 km; 
m, sin} i= 2.078 ©; and m, sin} i=1.852 O. 

Photometric orbits —Two orbits which satisfy Shapley’s light-curves are given in 
Table III. Solution II is probably to be preferred because it conforms more nearly to 
the relative brightness of the two components as furnished by the spectrograms. Ac- 
cording to it, the light of the brighter star is 58.5 and that of the fainter 41.5 per cent 
of the total; the radii (distance of the centers=unity) are 0.200 and 0.180 for the 
brighter and fainter, respectively. The cosine of the angle of inclination is 0.065. 

Absolute dimensions —Combined spectroscopic and photometric data give 1.95 
and 1.76 for the radii, and 0.280 and 0.344 for the densities of the brighter and fainter 
components, respectively, values for the sun being used as the unit in both cases. 

Mass-luminosity relation—The foregoing data and a temperature of 10,000° 
assumed from the spectral type (class Ao) give absolute magnitudes but slightly less 
than are called for by Eddington’s theory for the masses here obtained. The probable 
errors of the semi-amplitudes of velocity variation are large enough to cover the dis- 
crepancies. The discordance with Eddington’s theory shown by Shapley’s results 
derived from orbits based upon limited data is therefore removed. 


RX Herculis? is an eclipsing variable star for which photometric 
orbits have been derived by Shapley. Three determinations of the 
radial velocity of the two components, which had been obtained at 
the Yerkes Observatory, were used by Shapley to derive an approxi- 
mation for the spectroscopic orbits. The phases for these velocities 
were calculated by his formula: 


Primary minimum= J.D. 24196s58.5882+19778s740E G.M.T. 
3 b 4 59-5 77°574 


The result was circular orbits of identical dimensions in which 
K,=K,=106 km/sec. (semi-amplitude of velocity variation); 
y=-—18.5 km/sec. (velocity of the system); a,sini=a,sini= 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 362. 

2,H.D. 170757; a, 18°26"0; 6, +12°33' (1900). 

3 Mt. Wilson Contr., No. go; Astrophysical Journal, 40, 399, 1914. 
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2,590,000 km (a is the radius of the circular orbits); and m, sin37= 


m,sin}i=0.88 ©. 
Three velocities for each component of a spectroscopic binary 


are hardly enough to give trustworthy radial-velocity curves, even 
if the period and eccentricity are known from independent (photo- 
metric) data. In the case of RX Herculis the uncertainty is greatly 
increased because the two spectra are approximately of class Ao, 


and either spectrum by itself would be difficult of accurate measure- 


ment. When superposed, measurement is quite hopeless except at 


TABLE I 


Mount WILSON 


SPECTROGRAPHIC OBSERVATIONS OF RX 


PLATE DAT! G.M.T.] J.D PHASE 
| } | | 
vy 13515* 1925 July 5 16513™) 2424337.676 | 14438 
C 3890t 1926 July 22 | 19 23 | 2424719.808 | 1.177 
3805 July 23 16 00 | 2424720.667 | 0.257 
3807 July 23 18 58 | 2424720.790 | 0.380 
4291 1927 June 9 2I 25 | 2425041 .893 | I .340 
y 15022 June 11 18 33 | 2425043.773 | 1-44 
15103 July tr | 19 8 | 2425073.707 | 1.23 
15108 July 12 Ig 38 | 2425074.818 | 0.47 
15184 Aug. 13 I9 3 2425100.794 | 0.434 
15264 Sept. 14 16 40 | 2425138.694 | 0.319 
15269 Sept.15 | 16 28 | 2425139.686 | 1.311 
C 4460 Oct. I0 15 30 | 2425164 .646 I.371 
| ' 
* Plates marked y were obtained with the 60-inch reflector 
t Plates marked C were obtained with the roo-inch reflector 
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phases for which their separation is near its maximum. Hence the 


spectroscopic orbit derived by Shapley is subject 


+ 


to considerable 


uncertainty. It seemed well worth while, therefore, to derive the 


spectroscopic orbits anew from additional spectrograms at appropri- 


ate phases. 


This has been done with twelve spectrograms obtained with the 
60- and 1oo-inch reflectors. In all cases the velocities are the mean 
of at least two measures. In ten out of twelve cases it was possible 
to pick out definitely the stronger spectrum, and the result shows 
consistently that the star to which it belongs is the one which is 
eclipsed at primary minimum. Table I gives the data of the twelve 


spectrograms. 
The phases were computed from Shapley’s formula for primary 
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minimum, already quoted. A plot was then made with the radial 
velocities as ordinates and the phases (in degrees) as abscissae. 
These points are shown as circles in Figure 1, which was used to 
derive approximate spectroscopic elements. Both the plotted ve- 
locities and Shapley’s light-curve are well satisfied by the assump- 
tion of circular orbits. The velocities furnish a means of finding the 
velocity of the system and the amplitudes of velocity variation, 
while the light-curve gives the period and the epoch. 

The preliminary values of the three elements from the velocity- 
curves were y=—25 km/sec.; K,=131 km/sec.; and K,=146 
km/sec. An ephemeris was then computed which furnished the 


TABLE II 
SPECTROSCOPIC ELEMENTS OF RX HERCULIS 
P=1.7785740 days 
T=J.D. 2419658. 5882 
€=0.00 (assumed) 
K,=130.6+4.0 km/sec. 
K,=146.5+5.3 km/sec. 
Y= —24.9+4.0 km/sec. 
a; sin i=3,194,000 km 
a2 sin i=3,583,000 km 
m, sin} i= 2.078 © 
m2 sin’ i=1.852 © 


residuals O—C. A least-squares solution for corrections to the 
provisional values of the three elements gave dy = —o.10 km/sec.; 
dK,= —0.36 km/sec.; and dK,=+0.48 km/sec., which are quite 
unexpectedly small. The values which result from these corrections, 
together with Shapley’s epoch and period, have been adopted as the 
spectroscopic elements and are listed in Table II, which also gives 
the functions of mean distance and mass. 

The residuals furnished by these elements are given in the last 
two columns of Table I. Although some of them are large, they are 
about what might be expected from the spectra involved. The prob- 
able error for a single plate of unit weight, upon which value the 
probable errors of y, K,, and K, are based, is +13.8 km/sec. 

Velocity-curves from these elements have been plotted at the 
top of Figure 1. Shapley’s light-curve appears at the bottom. The 
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more massive star is the one which begins to approach immediately 
after primary minimum (phase=o’). The three pairs of Yerkes: 
velocities have been plotted with squares. It is apparent that they 
can be satisfied only by smaller values of K, such as Shapley derived. 

The adopted values of AK are 23 and 38 per cent greater, respec- 
tively, than Shapley’s values, and lead to increases in m, sin’i7 and 
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Fic. 1.—RX Herculis: Top, radial-velocity curves; primary has the smaller 
amplitude; circles are Mount Wilson radial velocities, squares are Yerkes values. 
Below, Shapley’s light-curve. 


m, sin’ i of 136 and 110 per cent, respectively. It seems likely that the 
very poor quality of the spectral lines has resulted in measured sep- 
arations which, by chance, are too small for all three of the Yerkes 
plates. 

Shapley’s data for RX Herculis present one of the few discord- 
ances with Eddington’s mass-luminosity curve, the masses being 
smaller than demanded by the curve for the most reasonable as- 
sumptions of absolute magnitude. The new values of the masses 
agree much better with this curve. It is possible, however, to modify 


t Mt. Wilson Contr., No. go; Astrophysical Journal, 40, 399, 1914. 
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the photometric elements to conform more nearly to the evidence of 
the spectrograms, which show that the star eclipsed at primary 
minimum is noticeably brighter than the other, and this will be 
done before comparing the results with Eddington’s theory. 

I am greatly indebted to Professor Russell for the remaining 
computations, which involve two new solutions based on Shapley’s 
light-curve, and on different assumptions for the relative brightness 
of the components. Table III gives the new photometric elements 


TABLE III 


Solution I Solution II 


Photometric Elements 


Light of bright star Lb 0.533 0.585 
Light of faint star F .407 .415 
Radius of bright star... .. rb .190 . 200 
Radius of faint star ‘ea rf .190 . 180 
Cosine of inclination... .. Se awulan ©.070 0.065 





Photometric and Spectroscopic Elements Combined 





Radius of the bright star mt .| 1.86 1.95 |Sun is 
Radius of the faint star a 1.86 1.75 unity 
Density of bright star .| 0.32 0.280/ in all 
Density of faint star 0.289 | 0.344) cases 


and the linear dimensions derived from a combination of photo- 
metric and spectroscopic elements. 

The spectral type Ao assigned to these stars indicates a surface 
temperature of 10,000°-11,000° C. The absolute magnitudes which 
correspond to the observed diameters and these estimates of the 
temperature are given by the equation on page 732 of Russell, 
Dugan, and Stewart’s Astronomy. The absolute magnitudes corre- 
sponding to the observed masses can be obtained from Eddington’s 
data. Table IV gives a comparison of these results. For T= 10,000° 
the agreement is tolerable; for the higher temperature the residuals 
are rather large. All are systematically negative. It can be shown 
that an increase of 25 per cent in the values of A, which is less than 
their probable errors, would produce complete agreement for 
T =10,000°. One reason that may be advanced for accepting the 
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lower temperature is that the adopted spectral type may be too 











ee ' f 
early, because of the masking of weak metallic lines by the blending 
of the two superposed spectra. Solution II is probably preferable ! 
TABLE IV 
‘ — ' 
11,000 I ) 
Sol.I | = Sol IE | ~— Sol. E-— |_ Sol. TE 
oo 7" Po oe ee ee : 
| Brt. | Ft Brt Ft. | Brt | Ft. | Brt Ft 
Absolute magnitude from | 
temperature and radius. 1.25] 1 25) 1.15] 1.38) 1.52} 4.52] 1.42] 1.65 
Absolute magnitude from 
mass-luminosity law 1.62} 2.01] 1.62} 2.01] 1.56] 1.95) 1.56} 1.95 ) 
Residuals....... -0.37|/—0. 76 —0.47/—0 63| —0.04| 0. 43|—0. 14|—0. 30 
| | 


t 


because it assigns a difference in brightness to the two stars agreeing 
with spectroscopic evidence. In any case, it is apparent that the 
new elements present no serious disagreement with Eddington’s 
theory. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
March 1928 

























PHOTOGRAPHS OF VENUS! 
By FRANK E. ROSS 
ABSTRACT 


Photographs of Venus, taken in ultra-violet light with the 60- and t1oo-inch re- 
flectors of the Mount Wilson Observatory during the exceptionally favorable eastern 
elongation of June 1927, are reproduced in Plates I, If. They were taken on twenty-five 
nights, in as nearly an unbroken series as practicable. 

Details over the disk, interpreted as cloud formations, are found to be always present 
on photographs taken with wltra-violet light. Photographs with blue-violet and with blue 
light show very weak details. Red and infra-red exposures disclose no detail. This be- 
havior for light of different colors is interpreted as follows: The outer atmospheric layer 
is assumed to be composed of a thin stratum of cirrus clouds, while the inner atmos- 
phere is supposed to be exceedingly dense and yellowish. The details shown are atmos- 
pheric disturbances, visible either as dark areas, or as regions of enhanced brilliance, 
depending upon the character of the disturbance. 

Bright clouds generally appear near the cusps, which are presumed to be near the 
poles. The dark areas are generally in the form of bands, parallel to and favoring the 
assumed equatorial regions. The fact that these atmospheric disturbances are of the 
banded type, and the further fact that the atmospheric changes are found to be rapid, 
lead the writer to believe that the period of rotation cannot be nearly so long as the orbital 
period. On the other hand, conclusive spectrographic data will not admit of a short 
period. A compromise period of about thirty days seems to be the best that can be 
estimated from the existing data. 

The literature on Venus, in so far as it bears on the problems suggested by the 
present series of photographs, is briefly reviewed. 

Values of the diameter of Venus are deduced from the photographs in light of 
different colors. The negatives in ultra-violet light give a diameter 2 per cent greater 
than those in red light. It is shown, however, that photographic determinaticns of 
diameter are subject to large systematic errors, to avoid which special precautions 
must be taken. The value adopted for the diameter is 17"00, corresponding to a linear 
diameter of 7651 miles, or 12313 km. The corresponding mean density is 0.919 of that 
of the earth, a value higher than previous determinations. 

Density curves for a number of the negatives were recorded with the registering 
microphotometer. These were transformed into intensity curves showing the relative 
values of the light over the disk for various colors (Figs. 3, 4, 5). The variation is such 
that it seems likely that the upper surface of the cloud layer is uniformly billowy. Meas- 
ures of the relative values of the light from the dark and the adjoining. bright areas give 
a maximum difference of 24 per cent for the negatives in wlira-violet light, and of 4 per 
cent for those in blue light. 


Through the courtesy of the director of the Mount Wilson Ob- 
servatory, Dr. Walter S. Adams, the writer was accorded the privi- 
lege of using the 60-inch reflecting telescope for special photographic 
observations of the planets. The work is a continuation of that 
started in 1926, when particular attention was given to Mars.’? The 
important feature of the present series of photographic studies is 
the use of filters of various spectral transmissions, the modern de- 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 363. 
? Astrophysical Journal, 64, 243, 1926. 
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velopment of which we owe to R. W. Wood, of Johns Hopkins Uni- 
versity, and to William H. Wright, of the Lick Observatory. 

On account of the interesting detail shown on the photographs 
of June 5 and 6 (Plate I), when the work was started, special 
attention has been given to Venus. Dr. Adams arranged that a long 
series of consecutive evenings should be available for daily photo- 
graphs, a matter of great importance for a proper study of the rapid 
changes apparently taking place in the atmosphere of Venus, and 
of their bearing on the puzzling problem of the period of rotation 
and location of the axis. It is unfortunate that the time available 
for the photographs on any one day is limited, an unfavorable fea- 
ture as compared with visual observations, which can be carried on 
during many consecutive hours of daylight. It is true, of course, 
that photographs in the longer waves, starting perhaps with the 
green, can be satisfactorily made in full daylight; but I have found 
that the photographs in ultra-violet cannot be exposed earlier than 
about ten minutes after sunset, and that those in blue-violet can 
begin only about sundown. The time available for the ultra- 
violet pictures, which are those most useful in showing the atmos- 
pheric phenomena, is, therefore, not greater than one hour. When 
the zenith distance exceeds 70°, the seeing becomes progressively 
worse, blotting out the delicate shades on the planetary surface. 
Since there is nearly always a complete change of cloud formation 
from day to day, a series of photographs extending over a period 
of six or eight hours would be exceedingly useful. In the case of the 
unusually strong markings, which doubtless can be photographed 
in yellow light, it is possible to obtain such a series. In view of the 
success of Mr. A. Rordame in securing photographs of a marking 
of this nature in full daylight (see p. 81 of this article), a field 
offering results of value is opened to amateurs possessing only very 
modest equipment. 

In order to reduce the effect of changes in the form of the mirror, 
which are likely to occur near sundown, the 60-inch mirror was 
stopped to 52 inches. The too-inch mirror was always used at full 
aperture. 

An enlarging camera belonging to the Yerkes Observatory was 
used (Fig. 1). This is of special design, enabling the observer to 
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guide on the planet itself during the comparatively long exposures 
which are sometimes necessary, as, for example, in the case of Jupi- 
ter, photographed with an ultra-violet screen, when the exposures 
were of two-minute duration. (With the same screen the exposures 
on Venus were from two to three seconds.) The enlarging lens is 
of the negative type, of about 6 inches focal length. The filters were 
placed 2 inches in front of the focal plane. About an inch in front 
of the filter a very thin piece of unsilvered optical glass, of good 





Fic. 1.—Enlarging camera 


surface, was set at an angle of 45° to the axis of the instrument. 
This formed two images of the planet in the focus of an eyepiece 
of very low power, in which threads were placed for guiding. The 
double image, formed by the two reflecting surfaces of the inclined 
plate, is a necessary evil, but not unduly troublesome. This ar- 
rangement proved exceedingly useful, for the conditions of seeing 
and steadiness could always be judged to a nicety before an ex- 
posure was made. The guiding, necessary on exposures longer than 
about three seconds, was by screws operating a double-slide base- 
plate, to which the camera was attached. An iris shutter was placed 
directly in front of the plate. It must be noted that the zenith dis- 
tance of Venus was considerable, and, consequently, that the un- 
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steadiness usually was very great, which made guiding a necessity. 
Five exposures were made on each plate. Focusing was judged 
on a ground glass, and also by the eye lens, as a check. Fine focus- 
ing was effected by means of a rack and pinion, which moved 
the enlarging camera as a whole. 

Filters —The new ultra- 
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Fic. 2—Spectral transmission of ultra-violet both for the red and the 
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infra-red photographs. 

Plates and development.—For the ultra-violet, blue-violet (no fil- 
ter), and blue photographs, Cramer Contrast plates were used. 
These are fine grained and of excellent quality. For the red photo- 
graphs, the Ilford Process Panchromatic plate was employed. For 
the infra-red, the Eastman Kryptocyanin plate was used. These 
have a maximum of sensitivity at about 7700 A, with no sensitivity 
in the visible red. On account of the great range in the intensity 
of the light coming from different portions of the disk, it is necessary 
to employ a soft-working developer. Eastman Nepera developer, 
diluted 1 to 8, was found to answer the purpose very well. The tem- 
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perature, 70° F., was carefully controlled. Development time varied 
from one to four minutes, the range in exposure time being sufficient 
to allow considerable freedom in degree of development. Standard 
squares were impressed on many of the plates, the appropriate filter 
being used in each case. It is accordingly possible to measure the 
relative light-intensities over the disk of the planet (p. go). 

The program adopted was as follows: About thirty minutes be- 
fore sundown, the planet was examined visually with a power of 
240, through various filters, at the Cassegrain focus of the mirror, 
the enlarging camera being removed. The camera was then replaced, 
and one plate each of infra-red, red, blue, and blue-violet, in turn, 
was exposed before sundown. Five exposures were made on each 
plate. The ultra-violet exposures were then begun, and continued 
in rapid succession as long as the seeing, which progressively grew 
worse with diminishing altitude, warranted exposing. 

Scale value.—Since it was planned to measure diameters, it was 
important to know the value of the scale. This was determined by 
exposures on the following wide double stars: 


SEPARATION 


Yerkes Burnham 

SY Rc escckoesennn 20'60 20°65 
oo Se Ee 25.56 25.52 

I as tea a unk aes tora 43.20 43.18 


The separations marked “Yerkes” were used, which agree remark- 
ably well with the values given by Burham. They were determined 
by exposures made by Dr. G. W. Moffitt with the 40-inch refractor, 
which were measured and reduced by the writer. With the magnifi- 
cation usually employed, the equivalent focal length of the combina- 
tion 60-inch mirror plus enlarging camera was found to be 238.0 
feet (72.5 m); of the 1oo-inch mirror plus camera, 370.3 feet 
(112.8 m). 
THE PHOTOGRAPHS 

In any series of photographs of the planets taken with light of 
various wave-lengths, it is to be expected that the long-wave, or 
red, photographs will penetrate the outer atmosphere of the planet 
and disclose features on the surface itself, provided the atmosphere 
is not too dense. Since the visible surface of Venus is doubtless 
atmospheric, there is a possibility that infra-red light may be able 
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to penetrate this atmosphere and reveal details of the surface. It 
was therefore a matter of some surprise to find that the relative 
efficiency of ultra-violet and infra-red light in showing detail on the 
visible disk was reversed: The ultra-violet negatives gave consider- 
able detail, while the infra-red, on all occasions, showed nothing. 
At the time these photographs were made, I was not aware that 
Professor William H. Wright, in 1924, had made photographs of 
Venus, with a similar expectancy: 

While observing Mars during the opposition of 1924, by light of different 
colors, a number of photographs of Venus were secured for the purpose of 
determining whether infra-red light, which had been found useful in delineating 
the surface features of the former of these planets, would prove equally effective 
in penetrating the atmosphere of the latter, and in depicting whatever might 
lie beneath it.' 

A number of the negatives taken with ultra-violet light are re- 
produced (Plates Land II). South is above, following the usual prac- 
tice. For those days on which a great deal of detail is present,a num- 
ber of exposures, taken at intervals of from five to ten minutes, are 
reproduced, as they are useful in studying possible changes, and, 
moreover, are convincing as to the reality of the detail. I am great- 
ly indebted to Ferdinand Ellerman for the excellence of the enlarged 
prints from which the plates were prepared. On account of the great 
variation in the intensity of the light over the disk, and, in particu- 
lar, on account of its weakness throughout the extended region ad- 
joining the terminator, an enlarged transfer of the negative to a 
print is an exceedingly difficult matter, as anyone who tries it will 
know. Mr. Ellerman is to be congratulated on his success, and on 
his very beautiful prints. The details connected with each photo- 
graph shown in Plates I and II are collected in Table I. It will be 
noted that some of the negatives were made with the 1oo-inch mirror. 
While this gave a much greater scale, it is not felt that the negatives 
show any superiority over those obtained with the 60-inch mirror. 
In view of the severity of the observing conditions, this is not sur- 
prising. 

In addition to negatives taken with ultra-violet and infra-red 
light, exposures were made each night with blue-violet light, 


* Publications of the Astronomical Society of the Pacific, 39, 220, 1927. 
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PHOTOGRAPHS OF VENUS, IN ULTRA-VIOLET LIGHT, TAKEN WITH 60-INCH REFLECTOR, JUNE 1927 
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PHOTOGRAPHS OF VENUS, IN ULTRA-VIOLET LIGHT, TAKEN WITH 60-INCH AND 
100-INCH REFLECTORS, JUNE-JULY 1927 
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blue light, and red light. No details whatever are visible on the red 
or the infra-red negatives. Unscreened plates and plates taken with 
the blue filter on the dates of the strongest markings show some 
details however; the markings on those taken without filter are 
the stronger, but greatly inferior in quality and intensity to those 
observed in the ultra-violet. There is thus a continuous transition 
in degree of visibility, of both the dark and the bright markings, 
as we pass from short to long waves. A similar phenomenon is ob- 
served with Jupiter, photographs with blue-violet light showing 
greater contrast than those taken with red light. The bearing of this 
will be discussed in a following paragraph. 

Description of the photographs——The various features of the 
photographs reproduced on Plates Land IL are brought out so clearly 
that the reader can follow for himself the story of the atmosphere 
of Venus during the interval covered by these observations. Those 
of interest and significance will be indicated in the text which fol- 
lows, as they become necessary to the development of the subject. 
Here only a few miscellaneous matters will be considered. 

It will be noticed that the prints show irregular variations of 
phase, even on the same day. These are due to slight differences 
in the intensity of the original negatives and to the difficulty of 
“holding” the true terminator while making the enlarged prints 
with the enhanced contrast necessary to bring out properly the sur- 
face detail. In fact, unless great care is taken, as much as one-half 
of the disk may be lost entirely in the process of reproduction. 

Photographs of the same date show, in some cases, slight dif- 
ferences in detail which call for comment. These do not represent 
changes on Venus, but doubtless only differences in the negatives 
due to changes in seeing, in exposure time, and in other factors. 
It is to be remembered that the differences of density are multiplied 
many times in the reproductions, so that small differences in the 
original negative appear conspicuous in the engraving. 

The striking irregularity in outline of the strongly illuminated limb 
of the planet is worthy of remark. It adds its testimony to the lack 
of homogeneity of the atmosphere and to the existence of dark and 
bright clouds. A dark cloud at the limb is evidenced by a depression, 
a bright one by a bulge. Many of each kind are seen on the plates. 
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Visibility of the markings on the photographic images.—Certain 
phenomena connected with the visibility of the markings on the 
negatives and on the reproductions are of interest. The average di- 
ameter of the image of Venus, in the present series, is about 8 mm. 
With normal vision, the markings are best seen without magnifica- 
tion. Even with a magnifier of power 2, the visibility becomes less. 
This cannot be a matter of contrast, which is unchanged by magnifi- 
cation. The true explanation is of interest and of importance in 
connection with the reproduction of the photographs. While part 
of the decreased visibility may be due to the grain of the negative, 
this is not the most important factor, which I believe to be the 
sharpness of outline of the markings. On account of the small dif- 
ferences of density involved, the sharpness of any given marking, 
defined as the rate of change of density as the boundary of the mark- 
ing is crossed, must be very low. Now, as sharpness is inversely 
proportional to the magnification, the visibility must also be 
inversely proportional to magnification. This principle finds direct 
application to the reproduction of the photographs, and shows why 
enhanced contrast is necessary in order to make the markings as 
visible on enlarged prints as they are on the original negatives. In 
the present case, the enlargements range from two to eight times, 
the average being about four. If the original negatives are examined 
under a power of 4, the markings practically disappear. From this 
it may be concluded that a reproduction with fourfold enlargement 
would fail to show what is on the negatives. If, however, the con- 
trasts are also increased four times, the sharpness will be maintained 
at its original value, and the markings will remain visible. This 
principle has been recognized in the process of reproduction of the 
present series. Since the contrasts between dark and light areas are 
much greater than they are in the originals, one should not judge 
the relative value of intensity of light from the prints. 

The principle advanced in the preceding paragraph also finds 
direct application to the telescopic examination of the disk of Venus 
and some of the other planets. As in the case of the negative, we 
here have delicate shades of intensity, with a very low factor of 
sharpness. A decrease of the power of the telescope increases the 
sharpness, and, accordingly, the visibility in direct proportion. 
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There is, of course, a limit, depending upon the optics of the eye 
and its powers of discrimination. A great many factors are involved, 
which need not be discussed here; but there seems to be no doubt 
of the importance of sharpness in determining the power or ability 
of the eye to detect fine differences of shade, which do not have the 
definite boundaries which distinguish, for example, the canal-like 
markings of Mars, but which merge gradually into one another, as 
one would expect of markings of an atmospheric origin. 


INTERPRETATION OF THE PHOTOGRAPHS 


Granted that Venus has an atmosphere which hides the surface 
from visual observation, it is normally to be expected that photo- 
graphs taken with infra-red light, which would perhaps penetrate 
the atmosphere, might disclose surface features, just as during the 
great war photographers were able to take pictures of the earth's 
surface from points several miles above it by the use of infra- 
red light. Pictures of Mars were made in this way by William H. 
Wright in 1924. He found that the infra-red pictures penetrated 
through to the surface of the planet, while those taken in ultra- 
violet were practically stopped in the upper atmosphere. If the at- 
mosphere of Mars were denser than it is, the effect would be more 
pronounced In that case visual observations would become diff- 
cult and infra-red pictures increasingly valuable If a planetary at- 
mosphere such as exists on the earth is assumed, and one were photo- 
graphing it from an outside point, clouds would be photographed 
more readily with infra-red than with shorter waves But, in photo- 
graphing Venus, this does not appear to hold, the short waves now 
being the useful ones. What is the change in conditions which brings 
this about? In the case of the earth the difficulty in photographing 
with short waves is that the air strongly reflects violet and ultra- 
violet light. If we imagine the air mass decreased, the difficulty be- 
comes less. When it has been decreased hypothetically to a certain 
point, photography of the clouds becomes possible with the short 
waves. But even this assumed condition does not match the results 
obtained for Venus, for a reduction of the air mass should not af- 
fect photography in the infra-red, except in special cases. The con- 
ditions on Venus evidently form a special case. Here we get no de- 
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tail in the infra-red, and, at times, a great deal in the ultra-violet. 
The following solution suggests itself to the writer. With more data, 
other explanations could doubtless be advanced. 

If the surface of Venus is yellow or reddish, as in the case of 
Mars, but without detail, and the atmospheric mass is small, and, 
moreover, if water vapor is assumed to be present, although not 
necessarily in large amounts, then a series of pictures from above, 
in different colors, would agree with what has been found; thus 
ultra-violet pictures would be interpreted as showing clouds, of 
varying degrees of intensity, the dark patches being the actual sur- 
face of the planet showing through the occasional breaks in the 
cloud mantle overlying the planet. No detail would appear in the 
red or infra-red, since, on the assumption of a yellow or red surface 
of uniform structure, we have what may be called a fogging back- 
ground, blotting out the delicate detail lying in front, assumed to 
be cloud masses of varying degree of tenuity. The ultra-violet pic- 
tures show this detail because the fogging background is absent, 
inasmuch as the planet’s surface is assumed to reflect only light of 
the longer wave-lengths. If the mass of air were considerable, the 
ultra-violet light would become impotent, on account of the selec- 
tively scattered light. 

These assumed conditions, however, are perhaps inadmissible. 
Other considerations, which will be outlined in another paragraph, 
require an atmospheric covering of considerable mass. It is easy to 
adapt the foregoing line of reasoning, which was advanced to ex- 
plain the difference between the pictures taken with short and with 
long waves, to this new condition. It is only necessary to transfer 
the optical properties assumed for the surface of the planet to the 
top of an atmospheric shell, as many miles as we please above the 
true surface. The hypothesis of a yellow or red soil or rock it will 
be convenient to retain, to provide the yellow dust with which to 
impregnate the dense atmospheric shell and give it the color neces- 
sary to explain the pictures. Under these assumptions, the apparent 
white surface which we see is imagined to be a uniform shell of light 
cirrus clouds overlying a dense, yellow atmosphere. On occasions 
of violent atmospheric disturbance the uniform cloud-covering is 
broken up, and we see the underlying yellow atmosphere, to which 
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are due the dark markings seen visually and photographically. Or 
the cirri may in certain regions be piled up in heavy masses, again 
seen visually and photographically as brilliant white clouds. 

The observed visual albedo of Venus is not out of harmony with 
the hypothesis of a covering of light cirrus clouds. The coefficient 
of reflection of dense white clouds is 78 per cent. According to Rus- 
sell,' the coefficient of reflection of the outer cloud-mantle of Venus 
is 49 per cent. (This is Russell’s p coefficient, and must not be con- 
fused with the Bond albedo, which is 0.59.) The clouds on Venus 
thus have considerably less reflectivity than white clouds on the 
earth, a fact in harmony with the hypothesis of a scarcity of 
water vapor, a matter to be considered later. 

With light clouds overlying a yellow atmosphere, a pure-white 
color would not be expected. It is usually considered that the color 
of Venus is white. Concerning this point William H. Pickering says: 

The clouds of Venus owe their lemon-yellow color to the same cause—a very 
dense atmosphere. This color is strikingly shown if we view Venus by daylight 
in the telescope when our terrestrial clouds are crossing its disc.? 

In 1908 and in 1921, Dr. V. M. Slipher, at the Lowell Observa- 
tory, in two series of careful experiments, failed to detect either oxy- 
gen or water vapor in the spectrum of Venus. The latter series was 
made under exceptionally favorable winter conditions, giving a 
minimum of water vapor above Flagstaff. Dr. Slipher interprets 
his results as follows: 


Either the atmosphere of Venus does not contain moisture in amount com- 
parable with that of our driest winter air, at Flagstaff, or if it does (and this 
seems the more probable), the sunlight Venus sends us is not affected by the 
moisture bearing layer of her atmosphere. 

Professor H. N. Russell concludes: 

It is therefore likely that there is a more or less abrupt decrease in the hazi- 
ness of Venus’ atmosphere at a height of about 4000 feet above her apparent 
surface. The transition between the lower hazy and the upper clear layers is 
not sharp..... 4 
From the point of view of the present paper, the 4000 feet represents 
the thickness of a shell of dust-laden yellow atmosphere, and the 

t Astrophysical Journal, 43, 190, 1916. 

2 Publications of the Astronomical Society of the Pacific, 37, 12, 1925. 

3 Lowell Observatory Bulletin, 3, 88 (No. 84), 1921. 

4 Astrophysical Journal, 9, 297, 1899. 
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“upper clear layers” the shell containing the clouds. By ‘‘apparent 
surface”? Russell undoubtedly means the lowest limit to which light 
penetrates. 

In an important paper on the atmosphere of Venus, St. John 
and Nicholson’ give spectroscopic data which are invaluable in any 
study of the atmosphere of Venus. Briefly, they find: 


It is estimated that in the path traversed by the solar light through Venus’ 

atmosphere there must be less than the equivalent of one meter of oxygen, less 
than one-thousandth of that in our atmosphere, and less than one millimeter 
of precipitable water vapor. 
This result, of course, does not negative the existence of oxygen and 
water vapor in the atmosphere of Venus, since the length of path 
traversed by the solar light through Venus’ atmosphere is unknown. 
The authors say in this connection: 

If, however, the reflecting surface consists of a permanent layer of cirro- 
stratus, the quantity of water vapor traversed by the reflected beam would be 
small, as cirro-strati are formed in the upper troposphere where the tempera- 
tures are very low. These low temperatures practically insure that cirro-strati 
consist of ice crystals, but as at such low temperatures there is little water to 
condense, their structure is more or less tenuous and fibrous. .... 

Again: 

Under the probable extremes of temperature on the opposite hemispheres 
of Venus it is conceivable that the violent atmospheric circulation would cause 
clouds of dust to be permanent features of the planet’s atmosphere, dust com- 
posed of highly reflecting material such as that to which the high reflecting 
power of Vesta is due. 

Equally valuable data are furnished by the radiometric observ- 
ers. Pettit and Nicholson find that 
two methods of estimating the temperature of emission of the radiation from 
the dark side agree in assigning a value near 250° C. absolute. This is consist- 
ent with what might be expected from radiation emitted by a cirrus cloud cov- 
ered atmosphere..... These three facts of observation indicate a nearly uni- 
form temperature over the planet’s surface, both on the illuminated and dark 
hemispheres.? 

This last sentence is a terse statement of what is perhaps the most 
valuable single discovery ever made with respect to the planet 
Venus. Startling at first sight, it can be considered to be more or 
less a quantitative proof of the great density and extent of the at- 
t Mt. Wilson Contr. No. 249; Astrophysical Journal, 56, 380, 1922. 

2 Popular Astronomy, 32, 614, 1924. 
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mosphere of Venus. For the atmosphere of Mars, known to be of 
limited extent, gives radiometrically a difference of temperature of 
the order of 100° C. between the bright and dark sides. Pettit and 
Nicholson consider that their observations prove the existence of 
an isothermal layer over Venus, the temperature of which is —23° C., 
similar in properties to the isothermal layer surrounding the earth. 

If the period of rotation of Venus is 225 days, as many observ- 
ers have been led to believe, it is difficult to see how this high tem- 
perature of the radiating layer of the night side can be maintained. 
A period as short as two weeks would require an atmosphere of con- 
siderable density to maintain the temperature at this point during 
the night. That the temperature of the unilluminated disk is rela- 
tively high has been confirmed by Coblentz and Lampland* from 
observations taken only a few weeks later than those by Pettit and 
Nicholson. 

Spectroscopic evidence of rotation.—The first spectroscopic deter- 
mination of the period of rotation of Venus which can be considered 
as of the highest order of precision is by Dr. V. M. Slipher.? He 
obtained a negative velocity of —o.oo5 km/sec., with a probable 
error of +0.04 km/sec. Taken by itself, this means that it is an 
even chance that the period of rotation is greater than fifteen days. 
A mass of unpublished material obtained at Mount Wilson by 
Adams, and by St. John and Nicholson, is so completely confirma- 
tory of Slipher’s result as to leave little doubt of the final spectro- 
scopic verdict. St. John has said in a personal letter: “If we as- 
sume that the rotation is direct, the chances are about to to 1 that 
the period is longer than 20 days. If, however, the retrograde rota- 
tion is real, the chances are about to to 1 that the period is longer 
than 6 days.”’ 

Pettit and Nicholson,’ from their radiometric observations quot- 
ed above, find some slight evidence of a direct rotation of an un- 
determined amount. 

The evidence of rotation furnished by the markings seen by 
visual observers is so utterly contradictory that no confidence 
can be placed in this method of attack. Some data of a physi- 
t Journal of the Franklin Institute, 199, 804, 1925. 

2 Lowell Observatory Bulletin, 1, 9, 19 (Nos. 3 and 4), 1903. } Loc. cit. 
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cal nature, however, suggest a comparatively short period of ro- 
tation—just how short it is unfortunately impossible to state. 
While lacking the precision of the spectroscopic method of obtain- 
ing the rotation, these data cannot be ignored; and they will un- 
doubtedly furnish material for discussion and debate for many years. 
Briefly summarized, they are as follows: 

a) The high temperature of the night side of the planet found by 
Pettit and Nicholson, and independently by Coblentz and Lampland. 

b) The persistence of the parallel bands or markings, perpen- 
dicular to the terminator, as shown on the photographs (Plates I and 
II), whichis suggestive of at least a moderate speed of rotation around 
an axis coinciding approximately with the planeoftheorbit. It is diffi- 
cult to see how markings of this type can be otherwise explained. 
With a long period of rotation, the markings should favor a symmetry 
around the subsolar point. Granted the strong insolation on Venus 
and an extensive atmosphere, the latter necessary to maintain the 
high night temperature, the observed belted appearance, presum- 
ably an atmospheric phenomenon, requires for its maintenance, I 
believe, a velocity of rotation certainly of an amount considerably 
in excess of that resulting from a 225-day period. Clayden says: 

There is no question that the earth is a belted planet; and if Venus had a 
rotation period comparable with our day, and if her atmosphere is of similar or 
greater density than ours (which is essential for the formation of the shell of con- 
vection clouds), she also would take a place in the same group.' 

From the apparent lack of these belts, Clayden concluded: 

There seems, therefore, no reasonable doubt that if the polar axis of Venus 
forms a large angle with the plane of the orbit, her rotation period cannot be 
anything like so short as the length of our own day. 

And further (p. 198): 


Probably any period between 20 of our days, on the one hand, and, say, 
180 or 200 days, on the other, would give conditions in which no cloud bands 
or high-pressure tropical belts would be produced parallel to the equator, and 
no permanent locking up of the water could occur. 


And (p. 200): 


Since atmospheric pressure should, on the whole, be considerably greater 
on the dark side than on the one turned towards the sun, the upper currents 
should flow from the hot side over the high-pressure ring and towards the 
terminator, while colder under currents should flow in the opposite direction. 


* Monthly Notices, R.A.S., 69, 197, 1900. 
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c) It appears to me difficult to reconcile the rapid changes shown 
by the present series of photographs to be taking place in the at- 
mosphere of Venus with a rotation period of any considerable length. 
If the period were, for example, 225 days, there is no doubt 
that a steady atmospheric state would be reached, in which all de- 
tail would be obliterated. The observed changes appear to be great- 
er than those occurring in the earth’s atmosphere, at least in the 
temperate zones. Even on Mars, with its thin atmospheric cover- 
ing, persistent cloud formations are at times noted. Thus in 1926, 
at Mount Wilson, I obtained photographs in ultra-violet light of 
a cloud formation on Mars, which persisted for a period of at least 
three days." It is to be noted that this was of the same type as the 
clouds shown on the present series of photographs. Visual observ- 
ers, notably W. H. Pickering, have, however, obscrved markings 
which apparently persisted for long periods of time, from which 
they have deduced values of the rotation period. 

In the absence of essential data, the reasons for a short period, 
excepting the motions of markings, are thus based largely on in- 
tuitions. A compromise must be made with the spectrographic data, 
which strongly negative a period as short as fifteen days, but con- 
flict less strongly as the period admitted is lengthened. Since the 
spectroscopic objection should be quite feeble if the period is set 
at thirty days, I believe that this is the best compromise possible at 
the present time. 

Rotation period determined from markings.—Markings on Venus 
were first detected at Naples, in 1643, by Fontana, who was also 
the first to see the surface features of Mars (1636). From the ap- 
parent motion of these markings he deduced a rotation period of 
twenty-three hours and twenty-one minutes. This short period was 
later confirmed by Schréter and De Vico. From a long series of 
observations of the markings, both by himself and others, Schia- 
parelli was convinced that the rotation period coincided with the 
planet’s year, and that the axis was not far from the pole of its orbit. 
Since Schiaparelli, a host of observers, mostly with small telescopes, 
have noted markings, both light and dark, on the surface of Venus. 
The general character of the dark markings as drawn by these ob- 


t Astrophysical Journal, 64, 245, 1926. 
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servers has been almost uniformly the same. The markings are long 
and narrow, favoring a direction parallel to the terminator, with 
the exception of shorter markings which are sometimes drawn run- 
ning in from the terminator, nearly perpendicular to it. Notable ex- 
ceptions are the drawings of Lowell, who observed a series of long 
narrow markings radiating from the subsolar point, which he be- 
lieved to be features of the surface of the planet, formed by cyclonic 
inrushes, of air from the cold night side to the intensely hot sub- 
solar region, along certain favored paths governed by the original 
topography of the planet. Micrometric measurements of the junc- 
tion point of the markings, extending over a period of 40 days, were 
consistent with a rotation period of 225 days, the orbital period.’ 
Expressing doubt in 1902 as to the reality of these markings, Lowell? 
later returned to his original opinion as to their reality and signifi- 
cance, which is outlined above. 

It is natura’ to assume that the markings observed visually are 
closely related, in position and general form, at least, to those shown 
in Plates I and II. This view is strengthened by the fact that both 
(Juénisset and Rordame were able to see visually the markings 
which they photographed. It seems to me to be of great signifi- 
cance, however, that of the many hundreds of markings which have 
been seen and drawn by visual observers, so few are cases of the 
banded structure, perpendicular to the terminator, a characteristic 
feature of the present series of photographs. W. H. Steavenson‘ ob- 
served a pair of this type on March 9g, 1924. E. C. Slipher in a 
personal letter writes: ‘‘A hazy band-like shading often showed to 
me near the middle of the disc (equatorially) and many times this 
appeared roughly and irregularly double.’”’ While this general lack 
of agreement apparently casts doubt on the relationship between 
the visual and photographic markings, I am averse, on physical 
grounds, to imagining that they are entirely distinct. The upheav- 
als which are conceived to take place in the lower atmosphere 
must produce simultaneous phenomena in the hypothecated upper 


* Monthly Notices, R.A.S. 57, 402, 1897. 
2 Astronomische Nachrichten, 160, 130, 1903. 
3 Popular Science Monthly, 75, 521, 1900. 


4 Journal of the British Astronomical Association, 36, 298, 1926. 
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yellow atmosphere and in the overlying mantle of cirrus clouds. 
That these upheavals are of enormous extent is proved by the photo- 
graphs. 

It is unfortunate that a series of visual observations could not 
have been obtained simultaneously with the photographs. On each 
evening on which photographs were taken, before the exposures 
were started, a careful search was made visually for markings. On 
the evening of June 30, with seeing excellent, the surface was care- 
fully scanned, by both Professor Russell and myself, without any- 
thing being noted. Blue, green, yellow, and red filters were tried. 
It is quite probable that the lack of success was due to too great 
contrast between Venus and the sky background, which produced 
the phenomena accompanying glare, in which the discriminating 
power of the eye for differences in shade is very much reduced, the 
amount depending upon the degree of the glare. 

It is to be noted that glare cannot be defined solely with refer- 
ence to the relative intensity of object and background. Its exact 
definition is exceedingly difficult. The amount of dark adaptation 
of the eye is of paramount importance. The claims of those observ- 
ers who are able to see markings on Venus, namely, that it is neces- 
sary to make observations in full daylight, are therefore not with- 
out support. Even in the evening or morning twilight, the visibility 
of the markings may very well be less than in full daylight. On ac- 
count of the relatively low intensity of the light from the sky at 
Mount Wilson and at other observatories situated at great eleva- 
tions, the glare of Venus, even in daylight, should be much greater 
than at sea-level, so that the visibility of the markings may very 
well be less. There is the further factor of magnification, discussed 
on page 65. It is noteworthy that at the Lick Observatory Pro- 
fessor E. E. Barnard was able to see markings on Venus distinctly 
on only one occasion. He says: 

Venus was frequently observed with the 12-inch refractor at Mt. Hamilton 
during the years 1888-95, but I never could (with but one exception) satisfacto- 
rily see the markings. Vague, indefinite spots were often visible, but it was not 
possible to see them well enough to identify them for rotational purposes. .. . . 

The 29th of May, 1889, was remarkable for the thickness of the atmosphere 
from smoke and dust. One could scarcely see across the canyon so dense was 
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the haze. Examining Venus with the 12-inch on this date I was struck with the 
remarkably perfect definition. There was not the slightest tremor of the image." 
While Barnard attributed the visibility to the perfection of defini- 
tion, I would attach considerable importance to the sky brightness 
augmented by dust and haze.? He says further: ‘“‘The planet was 
watched through many years, but indifferent seeing always baffled 
one and no satisfaction could be gotten out of it.”’ 

A drawing of the markings seen on May 29 is given by Barnard. 
Apparently they consist of three segments of a long streak parallel 
to the terminator, but, on account of the narrowness of the crescent, 
they might very well be three foreshortened bands parallel to the 
equator. Later, from the Yerkes Observatory, Barnard writes as 
follows: 

At times in the early summer here the seeing in the day is very perfect. 
Venus has been examined on a number of such occasions when the planet was 
beautifully defined. Surface markings were nearly always present, but they 
were very illusive and at no time could a satisfactory drawing be secured. The 
visible markings were large dusky spots essentially like those . . . . on Mer- 
cury but much fainter.3 

In view of the experience of Professor Barnard at the Lick Ob- 
servatory in observing Venus visually, it is not surprising that I was 
unable to see markings. It was not possible to attempt daylight 
observations, since the consequent heating of the 60-inch mirror 
would have put it in poor condition for the night observing. It is 
hoped that the many European observers who make a practice of 
observing Venus may have obtained satisfactory drawings of the 
markings during the interval covered by these photographs, especial- 
ly on the dates of the strong bandlike markings of the present 
series. Comparison with the photographs should prove instructive 
as well as valuable. 

t Astrophysical Journal, 5, 300, 1897. 

2 It is well known that fine seeing generally accompanies a hazy or smoky atmos- 
phere. While this does not mean that they are necessarily cause and effect, I would 
suggest that they may be. Rapid vertical movement of the air, resulting in an ex- 
cessive adiabatic cooling, is fatal to good seeing (see Dr. J. Halm, Proceedings of the 
Royal Society of Edinburgh, 25, 458, 1906). Dust and smoke can be conceived as 
mechanically loading the air, cutting down the velocity of convection. In addition, 


by absorbing and emitting radiation, they would tend to equalize temperatures and 
restore the thermal equilibrium upon which good seeing depends.—NoTE By F. E. R. 


3 Astronomische Nachrichten, 157, 263, 1902. 
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The period of rotation and the position of the axis of Venus found 
by Professor William H. Pickering’ are worthy of special notice. His 
results are based upon the apparent motion of two very conspicuous 
spots, which were followed for a period of thirty-four days. He finds 
a period of about sixty-eight hours, and that the axis lies approxi- 
mately in the orbital plane, in heliocentric longitude of 47°, the di- 
rection of rotation corresponding to a rolling motion. Pickering’s 
values, both for position of axis and period of rotation, were con- 
firmed by H. McEwen.? W. H. Steavenson confirms Pickering’s 
axis, but finds the period to be eight days. The rapid rotation found 
by Pickering and McEwen is not inconsistent with Slipher’s nega- 
tive spectrographic result, for, as pointed out by Worthington,‘ 
Slipher’s observations were made at a time when the axis as above 
located passed very close to the earth. On the other hand, the un- 
published spectrographic observations by St. John and Nicholson, 
taken at a time when the axis as located by Pickering did not pass 
near the earth, fail to show rotation. During the latter part of June, 
1927, when the present series of photographs was made, the axis, 
as thus determined, passed close to the sun, and the earth lay near 
the plane of its equator, so that the motion of spots should have 
been from north to south. If the period is sixty-eight hours, the 
wedge-shaped marking so conspicuous on my photographs of June 
26 should have moved downward 1.2 mm during the interval of 
forty-eight minutes between exposures a and g. No such motion 
is apparent, although it is not impossible that it may have occurred, 
since I mm is approximately the limiting motion on the scale of the 
prints which this marking is capable of showing. If it be assumed 
that motions of markings of this nature may be relied upon to give 
the rotation period of the planet, all that can be concluded from the 
present series of photographs is that the definitely bounded mark- 
ing of June 26 indicates a period of rotation which must be greater 
than about three days. But, on account of the great diversity of 
rotation periods and axes which have been derived from the motions 
of visual markings, it is quite evident that no reliance can be placed 
on results thus obtained, unless there are abundant confirmatory 

t Journal of the British Astronomical Association, 31, 218, 292, 1921. 


2 Thid., 36, 191, 1926. 3 [bid., 36, 297, 1926. 4 Thid., 31, 221, 1921. 
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data. We have only to glance over the present series of photographs, 
noting the great changes in cloud formation from day to day, to 





be convinced of the futility of the method when applied to indi- 
vidual markings. I have no intention of discouraging the observa- 
tion of markings, either visually or photographically. The motions 
of clouds and their changes in form, if observed systematically, will 
doubtless lead eventually to valuable data on the problems which 
confront the student of Venus. 

Clouds at the north and south points.—The bright regions at the 
north and south points, especially strong at the latter, were first 
seen by Schréter (1789-1790), who ascribed them to enormous 
mountains (42 miles high), protruding beyond the atmosphere. 
They were extensively observed by Trouvelot (1877-1882), whose 
pen picture is worthy of preservation: 

The polar spots are distinctly visible, the southern one being the more 
brilliant. Their surface is irregular and seems like a confused mass of luminous 
points, separated by comparatively sombre intervening spaces. This surface is 
undoubtedly very broken, and resembles that of a mountainous district studded 
with numerous peaks, or our polar regions, with numerous ice-needles brilliantly 
reflecting the sunshine. 

Trouvelot, like Schréter, believed that high mountain masses 
were involved. In this connection, Ellen M. Clerke, in a booklet 
entitled The Planet Venus, says (p. 36): 

Photographs of the transit of Venus, taken in Mexico by MM. Arago and 
Bouquet de la Grye, on Dec. 6, 1882, show a great bulge on her side toward 
the southern pole, establishing the fact, in the words of the latter observer, 
that ‘‘there exists on the south of the planet a zone characterized by a great 
elevation between two depressions.” 

Commenting on the older explanation of immensely high mountains 
she says (p. 37): 

There is however another possibility, and they may not be solid rock struc- 
tures but cloud masses piled up to an enormous height, perhaps at the meeting 
point of warm and cold air currents. 


There appears to be no doubt of the existence of these bright 
areas, which on occasion are seen to cover one or both presumed 
poles. They have been reported by numerous observers, are con- 
firmed by the present series of photographs, and are therefore un- 
doubted facts to be reckoned with. It is an attractive hypothesis 
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to assume that they mark the atmospheric pole, being similar in 
nature to the atmospheric polar cap of Mars, which has been photo- 
graphed and discussed by Wright.’ Further careful study of this 
feature of the planet’s surface will doubtless be fruitful in exposing 
conditions existing in the upper atmosphere and in furnishing indi- 
rect evidence of the rotation period and location of the poles. The 
persistent appearance of bright clouds at the north and south points 
and nowhere else along the terminator undoubtedly marks or labels 
them as preferential points, with the probabilities in favor of their be- 
ing the polar points. Their existence, equally with that of the equato- 
rial bands, is suggestive of a comparatively short rotation period. No 
doubt spectrographic observers, in the search for water vapor in 
the atmosphere of Venus, will, at some time or other, be so fortunate 
as to secure spectrograms when these clouds are unusually strong. 
The slit of the spectrograph should be set tangent to the disk at 
the cusp, in order to obtain the maximum absorption. 

It is exceedingly suggestive that Coblentz and Lampland? ob- 
tained a higher temperature for the southern half of the disk than 
for the northern. There is evidently a correlation between tempera- 
ture and bright clouds, the exact nature of which is an attractive 
problem for the future. 

The south polar cloud is unusually strong on the photographs 
of June 6. It is also strong on those of several days later in the 
month. During July it is not generally visible, the northern cusp 
now showing stronger. It is evident that the phenomenon is more 
or less ephemeral, the persistence of the atmospheric cap of Mars 
being lacking. It is quite likely that the clouds disappear for long 
periods of time, just how long it would be difficult to say. It is sig- 
nificant that they were apparently never seen by Barnard or Lowell. 
It appears, however, from a letter by Dr. V. M. Slipher to me that 
Lowell actually did observe them at times. E. C. Slipher, concern- 
ing his own observations, writes me: ‘‘Sometimes polar brightening 
existed, while at other times, none were seen. Generally speaking, 
these have been most often observed at the south.”’ 

In addition to the polar cloud, there is one other feature of the 

t Lick Observatory Bulletin, 12, 59 (No. 366), 1925. 


? Journal of the Franklin Institute, 199, 805, 1925. 
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drawings and photographs of Venus upon which many observers 
agree, namely, a dark marking perpendicular to the terminator, and 
adjacent to the bright south polar area. It is well seen on the photo- 
graph of June 6a. It appears on Quénisset’s drawing made from his 
photograph of February 23, 1921," as well as on the drawings of 
Schiaparelli, Trouvelot, and Lowell. Lowell has described it at 
length, referring to it as a collar, with spots or enlargements strung 
upon it, like beads. Lowell does not appear, however, to have ob- 
served the polar cloud, to which the collar is the border. Whether 
this is really a favored region for the development of one of the 
system of bands, as seems likely, must be left to future observation. 

The terminator—A third phenomenon worthy of serious consid- 
eration in a study of the atmosphere and rotation period of Venus 
is to be found in the appearance of the terminator, which is unusual 
and exceedingly suggestive. Ellen M. Clerke’ speaks of the dark 
band adjoining the terminator as “a gray segment of shadow,” ex- 
plaining it in the following words: 

The higher clouds being . . . . always nearest the sun, would cast their 
shadows on the lower banks to a sufficient extent to dull the luminosity of the 
inner edge, on which the solar rays are very oblique. 

The breadth of this band is much greater than would follow from 
any reasonable law of scattering and reflection in a homogeneous 
atmosphere. According to Clayden, it is more pronounced at eastern 
than at western elongation. I can do no better than to quote him: 

. . . The acceleration of phase in eastern elongation is commonly ob- 
served to vary from 4 to 8 days,—dichotomy, or any special phase being so much 
earlier than the theoretical time. This can only mean that the surface along 
the sunrise terminator is not at right angles to the planet’s radius, but that it 
slopes upward toward the sun. . . . . But this is exactly how the upper surface 
of a shell of rising convection clouds should rise, and the fact alone is an almost 
conclusive proof that the cloud theory is right... . . The retardation of phase 
in western elongation is rather more pronounced. It can be explained as due to 
an even greater slope of the mean surface of the clouds, due to the collapse of 
the rising currents and breaking down of the clouds towards sunset. On the 
earth the fall of the cloud levels in the evening is distinctly more rapid than their 
morning rise.3 

To the writer, visually, the color of the broad band of shade ad- 
joining the terminator was distinctly brown. As far as I can find, 

* Comptes Rendus, 172, 1645, 1921. 


2 Op. cit., p. 31. 3 Op. cit., p. 202. 
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only one other observer speaks of the color. W. Reid says: “I have 
also noticed that there is generally a brownish border to the ter- 
minator.’’* The failure to see the color at observatories nearer sea- 
level may be due to the white atmospheric glare, observations gen- 
erally being made in the daytime. This would not apply to the 
observations of Barnard and Lowell. E. C. Slipher states in a letter 
that he has not noted the color. Whether it is a permanent feature 
or not is therefore a matter for future observations to decide. The 
brown color fits in very nicely with the assumed yellow atmosphere 
underlying the shell of cirrus clouds. The supporting remark of Reid 
removes the possibility of personal bias. The dark markings, ob- 
served visually, should be yellowish. On account of their extreme 
faintness, it is, however, too much to expect that any color would 
be noted, since color perception diminishes rapidly with intensity 
and angular size. The reader is reminded that the present series 
of photographs proves that the dark markings are yellowish, since 
their visibility in the photographs has been shown to increase to- 
ward the short waves. 

It is significant in this connection that the dark bands which 
have been photographed always start from the terminator. This is 
not a characteristic of the dark markings drawn by visual observers, 
as has been noted above. Clayden? has called attention to the fact 
that the band parallel to and adjoining the terminator must be a 
high-pressure ring, and therefore deficient in cirrus clouds. From 
the same viewpoint, since the dark markings or bands are physical- 
ly connected with the terminator, they are to be considered as re- 
gions of high pressure, and accordingly free of cirri. The contiguous 
areas are the regions of low pressure in which cirrus and cumulus 
clouds prevail, the alternations being very similar to those existing 
on the earth. 

Previous photographs of the markings on Venus.—As far as I 
know, the first to obtain photographic evidence of markings on 
Venus was F. Quénisset,3 using an astrographic refractor, in con- 
junction with an enlarging lens. Quénisset states that his first suc- 
cessful photographs showing markings were taken June 29, tort. On 

t Journal of the Astronomical Society of South Africa, 2, 43, 1927. 


2 Op. cit., p. 203. 3 Comptes Rendus, 172, 1645, 1921. 
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February 23, 1921, he obtained photographs of two large dark areas 
bordering the terminator, one equatorial and one near the south 
cusp. On the following night they had disappeared, smaller mark- 
ings taking their place. The photographs, however, were not shown, 
no doubt on account of the difficulty of reproduction due to the ex- 
treme faintness of the markings. 

I believe that the first reproduction of photographs of markings 
on Venus was by Alfred Rordame.* These were taken at Salt Lake 
City on July 17, 1921, in full daylight, on commercial film, behind 
a yellow filter. A g-inch visual refractor by Clarke, with enlarging 
camera, was employed. Mr. Rordame kindly sent me his original 
negative for examination, which shows very much more detail than 
the reproduction would lead one to expect. The width of the dark 
equatorial band shown on his negative is about one-quarter of the 
diameter of the disk, and is full of curious detail. It makes an angle 
of about 60° with the terminator, bearing north, stopping consider- 
ably short of the limb. A bright cloud borders it on the south near 
the terminator. A parallel and similar marking, but much smaller, 
is seen near the northern cusp. The cusps are free from clouds. 
Rordame was able to see these markings visually. The effective 
wave-length of the photograph is, however, uncertain, since the ordi- 
nary kodak film used by Rordame is to a certain extent orthochro- 
matic. This uncertainty, combined with the great variation in “‘cut”’ 
of the commercial yellow filter, makes the wave-length indetermi- 
nate. It is quite likely, however, that these markings are of the 
same class, and, accordingly, have the same effective color as the 
markings shown in the present paper. These, as previously noted, 
are strong in the ultra-violet, and diminish in intensity to such an 
extent with increasing wave-length that only a very faint impres- 
sion is obtained at an effective wave-length in the neighborhood of 
4700 A (p. 64). Since the effective wave-length of Rordame’s nega- 
tive is probably around 5000 A, the conclusion is either that he 
was so fortunate as to observe a marking of very exceptional strength 
or that the effective wave-length, or the color, of the marking which 
he photographed lies in the yellow region of the spectrum. This 
would correspond to the rare yellow clouds over Mars. 


t Popular Astronomy, 30, 137, 1922. 
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On account, however, of the similarity in appearance to the violet 
markings shown in Plates I and II, I am disposed to accept the first 
alternative. These violet markings have been interpreted physically 
as variations in structure of the thin layer of cirrus clouds which over- 
lie the dense yellow lower atmosphere, due undoubtedly to violent 
disturbances originating far below, perhaps near the surface of the 
planet itself. There is no doubt that there should be some evidence 
of these storms within the underlying yellow atmosphere, either 
shadow effects or effects due to a mixing of layers of atmosphere 
of different concentrations or composition. We should then have 
the two classes of clouds found by Wright to exist on Mars: (a) 
the common violet cloud, and (6) the rare yellow cloud. The rela- 
tion between the two should be more intimate in the case of Venus, 
since they are assumed to be produced by the same underlying dis- 
turbance. 

Professor William H. Wright, in taking photographs of Venus 
in blue-violet and in infra-red light, obtained markings on the for- 
mer. Since the published reproduction’ does scant justice to the 
negative, Dr. Wright, at my request, kindly sent me his original 
negatives, taken October 10, 1924, for examination. They show fea- 
tures not appearing on any of my negatives, namely, two long bright 
bands, one on each side of the presumed equator, the southerly one 
being the stronger of the two. Wright describes the markings 
as “. . . . two nebulous brightish streaks, or bands, running in 
a direction approximately at right angles to the terminator.’” 
Unlike the dark bands, they do not start at the terminator. As 
noted by Wright, the inclination to the equator is not great, and 
here again the banded character of the markings is seen. On 
Wright’s negatives, the cusps are weak. On none of my photo- 
graphs do the bright clouds show as bands, as on Wright’s. They 
are, on the contrary, more or less circular or irregular areas, which 
favor the regions of the cusps. Professor Wright has, in addition 
to the foregoing, sent me a print from a negative of Venus taken 
by him on November 23, 1927, which shows a banded cloud forma- 


tion quite similar to that on my negative of June 24. The regularity 


t Publications of the Astronomical Society of the Pacific, 39, 220, 1927. 


2 Loc. cit. 
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with which the different configurations repeat themselves is a mat- 
ter of the highest importance for future study. 
DIAMETER OF VENUS 

Probably no branch of observational astronomy is so full of pit- 
falls as is the measurement of the diameters of celestial objects, in 
particular, those of the sun, moon, and planets. Dr. W.W. Campbell’ 
gives a fine summary of the many sources of error entering into 
visual measurement of diameters. In general, diameters measured 
visually with a filar micrometer are too large, due to irradiation. 
Measured with double-image instruments, such as the heliometer, 
they are too small. It is customary to correct this error, assumed 
as constant, by making the measurements over the greatest possible 
range of distance of the object, all conditions being kept constant. 

In 1926 I made a series of laboratory experiments to test the 
accuracy of photographic measurements of diameters.? The results 
indicated that great reliance can be placed on measurements of this 
kind, made under widely varied conditions, such as method of illu- 
mination of the object, kind of plate, and development. With 
under-exposure the image is too small, while an over-exposed image 
gives too large a diameter. This would be disconcerting were it not 
for the fact that there is a certain range of exposure within which 
little or no change in diameter is found.s This range may be con- 
sidered as the region of correct exposure. Unfortunately, the lab- 
oratory results do not apply to astronomical exposures. Just as 
star images increase in diameter progressively, starting from thresh- 
old exposure, so also do the images of the disks of the planets in- 
crease progressively with increasing exposure. There is, therefore, 
no value of the exposure which can be recognized as giving the 
true diameter, as was the case in laboratory measurements. 

The systematic errors in measurements of the photographic di- 
ameter of Mars have been studied by William H. Wright, by R. 
J. Trumpler,’ and by P. Van de Kamp.*® Trumpler finds that the 
dependence of diameter on the density of the image is small, and 

t Astronomical Journal, 15, 145, 1895. 

2 Astrophysical Journal, 64, 247, 1926. 

3 [bid., 52, 100, 1920. 

4 Lick Observatory Bulletin, 12, 56 (No. 366), 1925. 


5 Ibid., 13, 27 (No. 387), 1927. ® Astronomical Journal, 38, 61, 1928. 
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that the constant correction, for the density chosen as a standard, 
is negative, that is, the measures are too large. Van de Kamp, on 
the other hand, finds a very great dependence of diameter on density 
of image, and that, for the density chosen as standard, the constant 
correction is large and positive, the measured diameter being too 
small. It seems quite likely that the coarse-grained plate (Cramer 
Isochromatic) used by Van de Kamp is the chief cause of his large 
density coefficient. He says (p. 69): 

The effect of the incomplete representation of the geometrical image of 
the planet’s disc probably is mainly due to the photographic action of developer 
and plate. .... The increase of the measured diameter with increase of 
photographic density on a plate must be ascribed to an actual increase of the 
image due to photographic spreading action. 

My laboratory experiments noted above prove that the spread- 
ing of an image is not a photographic phenomenon, but an optical 
one. For example, in experiments made by me in the laboratory 
of the Eastman Kodak Company, a coarse line, 1 mm broad, formed 
by two opposing knife blades, with edges carefully trued and lying 
in the same plane, was printed by contact on various kinds of photo- 
graphic plates. It was found that no spreading whatever of the 
print or image took place, over a very great range of exposure time. 

The spreading phenomenon generally observed in astronomical 
photography is due primarily to lack of sharpness in the optical 
image formed on the photographic plate, and is aided and abetted 
by plate and developer. If the image is perfectly sharp, the influence 
of the photographic factors is small. Aside from the object itself, 
optical sharpness is largely a matter of telescope and seeing. 

In measuring photographically the diameters of the planets, I 
believe that the principal source of error is to be found in the falling 
off in intensity of the light coming from the extreme edge of the 
planet. If the exposure on the planet and the subsequent develop- 
ment of the plate are so adjusted as to show the surface features 
to the best advantage, a result obtained by a rather light exposure 
and soft development, the limb will be under-exposed, and a small 
diameter accordingly obtained. It is not sufficient to calibrate by 
measuring the average density of the image itself, since it is the 
density at the edge of the disk which is of importance. The ratio, 
R, of the density at the edge to the average density over the disk 
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is constant only for standardized development and seeing. If it be 
granted that all these conditions are satisfied, and the important 
constant error determined by measuring the diameters when the 
planet is near and far off, respectively, the result is still open to 
question, since it is quite likely that the ratio of the intensity of 
the light coming from the edge of the planet to that from the disk, 
or R, depends upon the angle subtended at the sun by the planet 
and earth, respectively. In the case of photographs taken in infra- 
red light, R appears to be very small, so that the determination of 
the diameter in infra-red light becomes very troublesome. Profes- 
sor Wright was the first to show its importance in measurements 
of diameters, remarking: 

In measuring the infra-red plates a different procedure had to be adopted 
for the reason that there is a true fading of the image as the edge is approached. 
If the center of the disk is normally exposed one can not be sure that the true 
edge is actually visible. 

The difficulty in the measurement of diameters due to edge 
fading can perhaps be overcome in the following way: Let a series 
of exposures be made, with the logarithms of the times increasing 
linearly, the steps being short, so that we obtain images with den- 
sities ranging from under-exposure to over-exposure. Let the diame- 
ters be plotted against the logarithms of the exposure times. The 
resulting plot should, I believe, consist of two straight lines, the in- 
tersection of which will give the correct exposure time, and, in addi- 
tion, the diameter of image which is least affected by edge fading, 
and by irradiation. The method is based on the conception that 
the rate of growth of an image must change when a diameter equal 
to the true or geometrical value is reached. The rate of growth of 
the image of the planet before the true edge is reached depends 
upon the edge fading, or the rate of change of the intensity of the 
light as the edge is approached, and, in addition, upon the kind of 
plate and development. It is directly proportional to the linear di- 
ameter of the image, and, accordingly, varies with the geocentric 
distance. There will also be a phase effect, complicating the prob- 
lem. The rate of growth, after the edge is passed, should, in general, 
be considerably less, depending upon seeing, telescope, plate, and 


t Lick Observatory Bulletin, 12, 52 (No. 366), 1925. 
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development. It seems quite probable that with this method, the 
constant error, which is determinable by variation of distance, 
should be considerably less, and its troublesome variation with 
color and phase much less marked. Fine-grained plates should be 
used, in conjunction with ‘‘hard”’ development. It is important that 
the seeing should be good, and the focusing very carefully done. 

On account of the phenomenon of edge fading and its variation 
with phase and geocentric distance, I doubt very much the appli- 
cability of the usual method of determining a ‘‘constant”’ error by 
variation of distance. Considerable research on the subject is 
needed. 

In measuring diameters photographically, there must be a strong 
color effect. The great difference between the intensity of the light 
coming from the edge of a planet and the average intensity over 
the disk is well brought out by Wright in interpreting his very fine 
photographs of Jupiter, made in light of different colors.’ It is ac- 
cordingly necessary to determine the constant correction tc the di- 
ameter separately for each color. The photographic determination 
of diameters thus becomes a very troublesome matter. If, however, 
the dependence of diameter on the density of the image can be kept 
small, and Trumpler (Joc. cit.) has shown that it can be, results of 
value should be obtained. It seems to me that the effect of phase 
noted above is the largest outstanding source of uncertainty, since 
it upsets the constancy of the conditions necessary in determining 
the constant error for each color. 

The diameters of Venus derived from the present series of photo- 
graphs are open to many of the objections which have been enumer- 
ated. No attempt was made to determine the dependence upon den- 
sity. Only those images were measured which were considered to 
be properly exposed, that is, to have the density most advantageous 
for bringing out the details on the surface or disk of the planet. In 
measuring the diameters, the thread was set tangent to the extreme 
outer edge of the penumbra of the image, since I consider this to 
be the image of the extreme border of the planet, the light from 
which is very feeble. In order to be able to see the outmost ring of 
the penumbra, a microscope of very low power was used in the 


* Publications of the Astronomical Society of the Pacific, 39, 358, 1927. 
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| measurement, and the illumination of the plate was very much re- 
duced—both factors of importance. 

The usual method of measurement was found to be unsatisfac- 
} tory, especially for the crescent phase of the planet. Except when 
clouds are present at the north and south points, the cusps are ex- 
ceedingly weak photographically in all colors, especially in the red 
and the infra-red. In order to overcome this difficulty, the follow- 
ing device was used: A series of holes, having diameters correspond- 
ing to the range in diameter of the images to be measured, was 
bored in a brass plate. The holes were made accurately round. 
The image to be measured was placed film side down on the plate, 
a hole being selected which was a trifle larger than the image. By 
eye estimate, the image was placed centrally over the hole. The uni- 
formity in the breadth of the clear ring separating the edges of the 
hole and image was the criterion of proper adjustment. The nega- 
tive and plate were then clamped together. The clear space, or ring 
between the image and the edge of the hole, was measured at two 
points chosen as near the cusps as practicable, depending on their 
density. The sum of these two distances, subtracted from the known 
diameter of the hole, gives the required diameter of the image. The 
accidental error introduced by not setting the plate accurately over 
the hole, in the mean of a large number of plates, should be small. 
In any case, it enters with a reduced factor, being zero when the 
points chosen for measurement are diametrically opposite. It was 
a great advantage not to have to make settings on a pair of weak 
cusps, which would have resulted in diameters too small, especially 
in the infra-red. 

On account of the many sources of error enumerated above, I 
have not measured the plates or made the reductions in a definitive 
way. The present series of photographs was exposed and developed 
primarily for surface detail, and not for measurements of diameter, 
and accordingly suffers from the technical faults which have been 
analyzed above. It is not considered worth while to give the de- 
tailed results. The values for.the red and the infra-red are averaged, 





since they were in excellent agreement, and also the values with 
| and without blue filter. Diameters of images obtained with the 1oo- 
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inch mirror are not included, since the scale value for it was not 
determined directly. The values given are for unit distance. 


No. Nights | Diameter Probable Error ) 
Red and infra-red : 12 16"82 +0"030 
Blue-violet . . ; ar 13 16.88 046 } 


Ultra-violet....... eer Lee8 13 17.17 +0.043 


The smaller probable error for the red diameter results from the 
greater sharpness of the images, due, in a measure, to the fact that 
they were made when the zenith distance of Venus was less. It is 
to be noted that the infra-red diameter is 2 per cent less than the 
ultra-violet diameter. This is smaller than the corresponding dif- 
ference which I obtained in 1926 for Mars,’ which was 6 per cent. 
The larger difference in the case of Mars was undoubtedly due to the 
coarse-grained plate used for the ultra-violet pictures, necessitated 
by the slow-working filter employed in that series. The difference 
found above between the diameters in red and in ultra-violet light 


TABLE II 


DIAMETERS OF VENUS 


Diameter Constant Error 

E. Hartwig, Breslau heliometer 17°67 —1"23 

Oxford observations, reduced by Hartwig 17.58 1.18 

Kaiser’s observations, reduced by Hartwig 17.41 0.77 

L. Ambronn.. RNS ee 17.7% | 0.79 

J. I. Plummer, Durham as L7. 32 —0.55 

A. Auwers, transits of 1874 and 1882 eee 16.80 

EK. E. Barnard (night observation, at Lick Observatory) 17.40 

I. E. Barnard (daylight, at Yerkes Observatory) 17.14 

W. H. Pickering (daylight at Arequipa)......... 17.03 ; #. 


is due to two causes: (a) differences in penetration into the atmos- 
phere of Venus of the short and long waves of light which produce 
the ultra-violet and red pictures, respectively; (b) edge-fading, which 
affects the diameters systematically, as explained on page 86, and 





which is greater in the case of the red pictures. It is, unfortunately, 
impossible to make any estimate of the relative importance of these 


two factors. The method outlined on page 85 should, however, 
eliminate the effect of edge-fading, thus allowing some estimate to | 


t Astrophysical Journal, 64, 248, 1926. 
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be formed of the actual differences in diameter for light of various 
wave-lengths. 

It is of interest to compare the diameters of Venus obtained 
above, with previous determinations, which were all made by visual 
methods. They have been compiled from various sources, and are 
collected in Table II. 

All visual methods of observation are represented in this table. 
The sign of the constant error given for the first five determinations 
indicates that diameters measured with the heliometer or with 
double-image instruments are always too small. Barnard’s and 
Pickering’s measures were made with filar micrometers, and are 
presumably too large, on account of irradiation. Dr. W. W. Camp- 
bell? found for his daylight measures of the polar diameter of Mars 
a negative correction of 0”05. Since Venus is considerably brighter 
than Mars, it seems likely that Barnard’s and Pickering’s values 
are affected slightly by irradiation. 

It is noteworthy that all five values in Table IT which were de- 
termined by heliometer or double-image instruments are large, the 
mean being 17”54;? and, furthermore, that the mean constant cor- 
rection, 0.90, is eighteen times the value found by Campbell for 
Mars, and certainly many times that which should be applied to the 
observations of Barnard and Pickering. I have given reasons on 
page 86 for believing that the application of a constant correction is 
of doubtful validity. Its effect is more serious the larger the correc- 
tion applied. It is likely, in view of the remaining data which have 
been presented, that the true diameter is not far from 17”00. With 
solar parallax 87806, this leads to a linear diameter of 7651 miles 
(12,313 km). With the reciprocal of the mass of Venus taken as 
403,500,3 the mean density becomes 0.919, earth being unity. If to 
miles be adopted as an estimate of the depth of the impenetrable 
layer of Venus’ atmosphere, the density becomes 0.926. These values 

t Astronomical Journal, 15, 148, 1895. 

? Taking account of the “contrast-theory” of A. Kiihl, in which the systematic 
error of measurement is not regarded as a constant but is a function of several pa- 
rameters, Professor Georg Struve, with the 27-inch refractor of the Berlin-Babelsberg 
Observatory, finds for the diameter of Venus at unit distance the value 17752. 
(Astronomische Nachrichten, 223, 320, 1924). 


} Astronomical Jeurnal, 29, 158, 1916. 
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of the density are notably larger than those quoted by Young, 0.86,' 
and by Russell, Dugan, and Stewart, 0.88.? 
PHOTOMETRY OF THE DISK 

Since the present series of photographs was taken largely near 
elongation, it was not possible to derive from them the relative 
albedoes of any great extent of the disk, in particular, the falling 
off in intensity radially from the subsolar point. For the complete 
study which is desirable, exposures should be made continuously 
from inferior to superior conjunction. Visually, the falling off in in- 
tensity or brightness of the disk of Venus, as the terminator is ap- 
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Fic. 3.—Disk of Venus: intensity-curve, parallel to terminator; ultra-violet, June 6. 


proached, is very marked. Physically interpreted, this may be due 
to: (a) the relative thinness of the hypothecated layer of cirrus 
clouds which compose the effective reflecting surface; (b) shadow 
effects, on the assumption that the cirri are uniformly billowy. The 
observed high intensity of the subsolar point lends support to the 
second explanation. Sir W. H. M. Christie’ has measured this 
brightness near inferior conjunction with a polarizing eyepiece. He 
found that the subsolar region was seven times brighter than the 
region near the limb. This seems difficult to explain on any law of 
reflectivity from a geometrically uniform surface, but is quite plausi- 
ble, granted an upper surface formed of billowy clouds. 


1 General Astronomy. 


2 Astronomy, 1, 315, 1920. 3 Monthly Notices, R.A.S., 37, 90, 1876. 
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I am indebted to Dr. E. Pettit and Miss Louise Ware for den- 
sity curves, made with the thermoelectric registering microphotom- 
eter, of a number of the negatives of Venus, a few of which were 
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Fic. 4.—Disk of Venus: intensity-curve, parallel to terminator; ultra-violet, 
June 26. 
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Fic. 5.—Disk of Venus: intensity-curve, perpendicular to terminator; negative of 
June 23. 





selected for reproduction. The original curves were transformed into 
curves of relative light-intensity by means of a series of standard 
squares which had been impressed on the negatives before develop- 
ment (p. 61). The small fluctuations in the original curves have 
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been smoothed out. The width of the slit was 0.025 mm, the length 
0.24 mm. 

Figures 3 and 4 show the curves of intensity for ultra-violet 
light made from negatives Nos. 2 and 22 (Table I), which were 
exposed on June 6 and June 26, respectively. The section which 
was run is parallel to the terminator, at a distance from it of about 
one-third the radius of the disk. In Figure 3, the greater intensity 
of the southern cusp is well shown (see Plate I). The deepest 
shadow, corresponding to the center of a dark marking, has about 
84 per cent of the brightness of this cusp. The difference between 
the cusps is 4 per cent. In Figure 4, the variation of intensity over 
the disk is more marked, reaching 24 per cent as a maximum. It is 
of interest to compare these values with those for negatives taken 
with light of longer wave-length. As already remarked, the red and 
infra-red negatives show no detail whatever, while the blue and the 
blue-violet show very weak detail. A negative made in blue-violet 
on June 23 was run through the microphotometer in a manner simi- 
lar to the foregoing. The resulting intensity curve shows that the 
maximum shadows were only 4 per cent weaker than the high lights. 
Thus the contrast in blue-violet light is roughly only about one- 
fifth that in ultra-violet. This indicates in a quantitative way the 
importance of using the short waves in depicting detail. 

Figure 5 gives similar intensity curves for ultra-violet and red 
light, respectively, along a section perpendicular to the terminator, 
obtained from negatives of June 23. The curves show that the fall- 
ing off in intensity as the terminator is approached is more marked 
in red than in ultra-violet light. Infra-red gives practically the same 
curve as red. The reason for the greater decrease in intensity for 
the long waves is perhaps as follows: A billowy configuration for 
the upper cloud surface has been assumed, which will give pro- 
nounced shadows. It is these which probably cause the rapid fall- 
ing off in intensity in red light as the terminator is approached. 
Since ultra-violet light is scattered more than red, the shadows will 
be less pronounced in the ultra-violet negatives than in those taken 
with light of longer wave. 

Mount WILSON OBSERVATORY 


YERKES OBSERVATORY 
May 1928 























ON THE PRESENCE OF THE RARE-EARTH 
ELEMENTS IN THE SUN* 
By CHARLES E. ST. JOHN anv CHARLOTTE E. MOORE 
ABSTRACT 


Astrophysical importance of the rare earths —These elements are at low level and 
ionized in the sun’s atmosphere. For ionized atoms their spectra are unique in that the 
lines are often stronger in the arc than in the spark, and in the flash spectrum show 
marked differences from the lines arising from neutral atoms and from the ionized states 
of other elements. They should be useful aids in important lines of astrophysical work. 

Laboratory research.—The accurate determination of the wave-lengths of their 
spectral lines and the study of their relative intensities and appearance under varied 
conditions of excitation offer opportunities for laboratory investigations of much 
interest and importance. 

Presence in sun.—Ten elements, in the ionized state, La, Ce, Pr, Nd, Sa, Eu, Gd, 
Dy, Er, and Yb, are shown as present with varying degrees of probability. For five, 
Il, Tb, Ho, Tu, and Lu, the data are inadequate either to indicate a fair probability of 
their presence in the sun or to eliminate them from further consideration. 

The identification of Fraunhofer lines with those of elements 
recognized on the earth has a general interest because it tells what 
constituents are common to the earth and the sun, and whether any 
occur in one body and not in the other, results bearing on the im- 
portant question of the uniformity of nature. For special classes 
of elements, identification has a further interest. In the case of the 
rare-earth elements it lies in the fact that these elements, having 
high atomic weights and not occurring in great abundance, would 
lie close to the photosphere and be important for the investigation 
of low levels in solar and stellar atmospheres. 

The spectra of the rare-earth elements are rich in lines, but have 
relatively few of outstanding importance. Chance coincidences with 
solar lines will be frequent. Identifications based on coincidences 
alone therefore require accurately determined wave-lengths. With- 
out measures to three decimal places, it is difficult to fix the toler- 
ance in departure from real agreement. For elements indubitably 
recognized in the sun, such as Fe and 77, for which accurate L.A. 
measures are available, the departures from exact coincidence with 
solar lines are positive for sun minus arc. For some five hundred 
lines of Fe the mean of \ sun—X arc is +0.0083 A; for four hundred 
lines of Tz the mean is +0.0075 A. 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washe 
ington, No. 364. 
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In the case of the rare-earth elements, practically one-sixth of 
all possible elements, the requisite wave-length data are wanting 
except for Ce’? and La.? There are recent two-place measures for 
Nd, Sa, Gd, Dy,* and Er.® The average spacing of the Rowland 
lines is 0.2 A. For lines introduced at random, 30 per cent should 
by chance fall 0.03 A or less, from solar lines. In the case of ele- 
ments for which no recent three-place tables are at hand, an ele- 
ment is assumed to be present if 50 per cent of the strong lines fall 
within the foregoing limit, provided that all, or all but very few, 
of the strongest have apparently corresponding solar lines. It is 
difficult, however, to hold to a hard-and-fast rule, and in some in- 
stances identification must rest upon a judgment based upon ex- 
perience and a variety of considerations. 

Although two-place tables of wave-lengths do not furnish ade- 
quate means for definitive identifications, collateral evidence is given 
by the intensities of the lines, by their behavior in the spectra of 
sun-spots and stars and in the spectrum of the flash. One soon 
learns from experience what relation of intensities between labora- 
tory and solar lines is probable for any given element. The charac- 
teristic behavior of enhanced lines, their weakening in sun-spots, 
their strengthening in stars of the y Cygni type, and their promi- 
nence in flash spectra furnish for some elements confirmatory evi- 
dence of their presence in the sun’s atmosphere. 

According to Menzel,’ the enhanced lines of the rare-earth ele- 
ments show a very characteristic behavior on the moving-plate 
spectrum taken by Campbell at the eclipse of 1905. They are in- 
tense in the low-lying chromosphere, do not reverse suddenly at 
the limb to the absorption spectrum like normal neutral atoms, do 
not fade rapidly into the continuous background like 77* and Sc*, 
but still show in emission on the sun’s disk, in some cases as far as 
20”’ within the limb. 

For elements whose lines are assigned to multiplets, the identi- 

1 Klein, Zeitschrift fiir wissenschaftliche Photographie, 18, 45, 1918. 

2 Kiess, Scientific Papers of the Bureau of Standards, 17, 323 (No. 421), 1921. 


3 Tbid., 18, 201 (No. 442), 1923. 4 [bid., 18, 695 (No. 466), 1923. 
5 Eder, Sitzungsberichteder Akademie der Wissenschaften in Wien, Ila, 127, 1099, 1918. 


6 Thid., Ila, 125, 383, 1916. 
7 Publications of the Astronomical Society of the Pacific, 39, 359, 1927. 
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fication is greatly facilitated by knowing the relative probability of 
the occurrence of their lines. Among the spectra of the rare earths, 
only that of Za has been analyzed, and it now seems that its sys- 
tem of electron orbits differs from that of the other so-called “rare 
earths.’”* 

The presence of Ce and La in the sun is well established by the 
data in hand; both are ionized; both show the characteristic be- 
havior of enhanced lines in spots, in the flash, and in y Cygni; and 
I.A. wave-lengths to three places are available for both. 

Praseodymium was formerly included with neodymium under 
the name “‘didymium.”’ The only three-place tables are in the Row- 
land system (1906). In the Tabelle der Hau pilinien? the wave-lengths 
are entered only to the second decimal, an indication of the present 
estimate of their accuracy. In a comparison \ sun—) arc, 40 per 
cent of the strongest Pr lines fall within 0.03 A of solar lines of in- 
tensities — 2 to — 13, and about 10 per cent are masked by strong solar 
lines. On the basis of coincidences, the evidence of its presence in 
the sun is not very strong. Other considerations are the obser- 
vations by King‘ that the lines arise from the ionized atom, as for 
Ce and La, and by Adams and Joy’ that they probably occur in the 
spectrum of y Cygni. The lines in Table I are given in the Revision 
of Rowland’s Preliminary Table,® soon to be published, as probably 
present in the sun. From the intensities of the corresponding solar 
lines it is evident that Pr alone does not produce solar lines stronger 
than —1. Although the evidence for its presence is strengthened by 
its probable occurrence in the flash and in y Cygni, the apparent 
absence of many of its important lines from the spectrum of the 
disk makes its presence still open to question. The intention has 
been to err on the conservative side when it is a question of a new 

tH. D. Hubbard, Periodic Chart of the Elements, rev. ed., 1927-1928. 

2 Heinrich Kayser, Bonn, 19206. 

3 Revision of Rowland’s Table of Solar Spectrum Wave-Lengths; 0000, 000, 00, on 
the Rowland scale of intensities, are indicated by --3, —2, —1 in the Revision. 
See Proceedings of the National Academy of Sciences, 13, 678, 1927. 

1 Publications of the Astronomical Society of the Pacific, 39, 238, 1927. 

S Proceedings of the National Academy of Sciences, 13, 393, 1927. 

6 Carnegie Institution of Washington, Publication, No. 396; Papers of the Mt. 
Witson Observatory, 3, 1928. 
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identification. A more definitive judgment requires new laboratory 
measures in the I.A. system to three decimals. 

Neodymium is represented in the solar spectrum by practically 
all of the very strong lines and by 55 per cent of the lines of mod- 
erate strength. The normal intensities of the solar lines are —1 to 
o; lines stronger than o are either known or probable blends. They 
arise from the ionized atom (King), and when they occur in the 

TABLE I 


PRASEODYMIUM 


dane a eee oY, KING IDENTIFICATION 
SUN —AR Arc Int. | IN SUN 
ATA Int 

3877. 200 IN oo A —Prr? 
3908. 069 2 r .02 150 rer? 
3908. 413 re) - 22 200 Cetrirrr? 
3953. 505 I 00 125 —srre? 
3904. 814 I or Prt? 
4008. 738 I + .O1 75 Prt? 
4044. 845 O1 6 Prt? 
4056. 561 I + 02 So Prt ? Fe? 
4143. 162 2 O2 150 rer? 
4172. 259 | 2 fore) sO Pr+? 
225. 332 2 | — .Oo! Is Prt? Sat 
4207.753 fe) co} 80 Cr—Prt ? 
4333. 904 I — .O1 100 “= er’? 
4408. 8oc IN — .03 200 Pr+? 
4510. 180 —% —° .O2 100 Prt ? 
4651.513 3N | O1 y Pr+? 
5220. 092 —2 ol 50 Cu ?—Prt? 
5322.817 | 2 +o. 04 60 Pr+? 


spectrum of y Cygni it is with increased intensity; in the flash 
spectrum they have the characteristics of the rare-earth group. 
Table II gives the lines common to the sun and y Cygni. 

The laboratory wave-lengths of Nd appear to be affected by sys- 
tematically positive errors, which are taken into account in sun minus 
arc comparisons by allowing greater latitude for negative residuals. 

For illinium the only data are the lines of unknown origin com- 
mon to the spectra of Nd and Sa.’ The strongest of these are listed 
in Table III, together with the corresponding solar lines. The ab- 
sence of many of the strong lines indicated by the comparison 
with solar wave-lengths shows that the probability of its pres- 


™ Kiess, Scientific Papers of the Bureau of Standards, 18, 218 (No. 442), 1923 
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ence in the sun’s spectrum is very small. A definitive conclusion 

must await the isolation of the pure element in amount sufficient 

for the measurement of its spectrum with adequate dispersion. 
TABLE II 


NEODYMIUM 








SUN Ar y CyenI IDENTIFI 
a — — : = yes : Sl N Ane j a a , aa } CATIO 
ALA. Int | ALA Int _—— 
4135. 207 od? —o.03 Al 35 3 Nd+ 
4232. 388 } —1 — .or | 40 2 Ndt+ 
4284. 538 } I + .04 52 I Ndt+? 
4314. 514 oN + .Or | 53 ° Nd+ 
4338. 696 | ° r OE | 73 2 Nd 
4358.170 Oo — .03 | aa I -Ndt 
4385.677 .00 | 66 2 Nd+ 
4440. 405 } I 0.04 37 3 Nd+ 
TABLE III 
ILLINIUM 
SUN AR 
ineecinaeis ee re ee 7 AX IDENTIFICATION 
| SuN — AR IN SUN 
ATLA | Int. | ALA | Int 
ee _ * : | ne ' 
5483. 110 I | 5483.10 3 | +o.o1 A! Fe 
5508. 420 O° | 5508. 41* 3 | + .o1 
| 5551.38 3 
— | 5603.63* | 3 
— | 5617.67* | 3 
5608. 894 | —3N | 5698.91* | 3 | — .02 
- | 5706. 20f | 5 
5739.988 ° | 5739.97* | 3 | + .02 | Ti 
5740. 878 2 5740. 86" | 5 T .02 Atm. ? Ndt ? 
~ = | 5829.70 ; 
5984. 279 —2 5984.32 | 3 | Oo4 | 
5989. 205 | ° 5089. 33° | 2 — .03 | Atm. wv. 
—eaagi 6053.83 | 3 
6084. 118 fe) 6054.11 | 3 0.01 


— | 0503.00 3 


" * Enhanced line (King). 

t Blend of Sa 1 and moderate Nd u (King). 

Samarium is represented in the solar spectrum by 50 per cent 
of the strongest lines, of which but 25 per cent give sun minus 
arc differences greater than 0.025 A. The normal solar intensity 
of the strongest lines is probably —1. Sa* lines occur in the spec- 
trum of y Cygni with intensities much greater than in the solar 
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spectrum. Those common to the spectra of the sun and y Cygni 
are tabulated in Table IV. Some of these also appear in the flash 
spectrum with no other known identifications. 

The weakening of \ 4280 in y Cygni follows from the abnormal } 
intensity of the solar line. The solar intensity is mainly attributable 
to an unidentified line which is weakened in, or absent from, y Cygni. 
Although \ 4424 is the strongest Sa* line, its great strength in vy 
Cygni is due mainly to a neighboring Cr line with which it is blended 
by the lower dispersion of the spectrum of y Cygni. 


TABLE IV 
SAMARIUM 
SUN | y CYGNI 
adiiiaindeitadietiad AX ' IDENTIFICATION 
SUN—ARC | IN SUN 
ALA Int | ALA Int 

4250. 423 I to.02 A 34 I Sat 
42602.713 ° 03 «| 68 I Sat+— 
4280. 790 I OI 81 ° Sat— 
4318.940 — J - or | 98 fe) Sat 
4329.053 I a a fo I Sa 
4334. 195 I + .03 | 11 I sor? 
4421.131 im ft Ol 13 I —Sa 
4424. 371 I Pies 33 4 Sd 
4434. 344 -| | oo | 35 I Sat+— Ti? 
4452. 740 —I — .o1 | 72 I Sa 
4467. 337 —% FO.or | 3 I Sa 


Europium is probably represented in the solar spectrum by its 
strong enhanced lines. The two in the region covered by the plates 
of y Cygni appear to be present with greater relative intensity than 
in the solar spectrum. The strongest spark line, \ 4129, is the only 
one that would not be confused with neighboring lines both in 
y Cygni and in the flash spectrum, and apparently it is present in 
both. The intensities of the corresponding solar lines, while fairly 
consistent with each other, are very strong in comparison with the 
lines of all the other rare-earth elements. This tends to weaken the 
evidence, but nevertheless the probability of the presence of \ 4129 
in the sun’s spectrum is strong. Table V gives the data for Eu. 

Gadolinium is an element for which accurate three-place meas- 
ures are particularly necessary in determining whether it is present 
in the sun, and, if so, how widely its spectrum is represented. The 








3519 
3930 


3971 


4205 
4205 


* 


3100 
3540 
3040 
3071 
3719 
3708 
4049 
4049 
4085 
4130 
4154 
$251 
4202 
4327 


4342 








4129.7 


too far to violet 


SUN ARK 
ALA Int ALA 
690 1Nd? 04 
515 ° 5! 
gg0 oNd? 05 
732 I 72 
C290 I 03 
O82 I og 
too far to violet 
SUN 
eat AX 
Sun —Ar¢ 
ALA Int 
525 2 +0.02 
372 ° fore) 
197 I Ol 
223 —2 02 
400 —2N O2 
405 re) t Ol 
442 an oo 
S71 acd 03 
579 —] — .Ol 
454 ° 06 
314 2 r «03 
751 —% 00 
130 I a O05 
Iso I T O5 
1g2 | 12) TO. OI 


probable identification. 


TABLE V 


EUROPIUM 


Al 


SPARK Ar 
INT Sun — Art 
5oR |+0.05 A 
50 + .O! 
50 05 
100 Ol 
100 oOo 

-O.O!1 


TABLE VI 


GADOLINIUM 


INTENSITY 
Arc Spark 
8 8 
7 10 
IO IO 
IO 5 
0 IO 
1O IO 
0 4 
Ss | 0 | 
si 4 
10 | 10 | 
0 | IO } 
Pe} IO | 
6) lO 
8 | 4 
IO | fe) 


ALA 


1.93 


y CYGNI 
\ Int 
+ 
72 5 
oo bas 
y CYGNI 
Int 
Oo 
5 
I 
Pe) 
> 
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No terbium lines were found by Adams and Joy in the spectrum 
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lines of intensities 4-6 fit solar lines as closely as those of intensities 
10-20, and only accurate laboratory measures can lead to definite 
conclusions. It appears to be present in y Cygni, and S. A. Mitchell 


IDENTIFICATION 


Flash Sun 
He Eut ?- 
Fe Eut ? 
Eu—Gd | Eut+ ?- 
Eu | Eut — 
V—Fx Bus , 
FLASH | IDENTIFICATION 
INT IN SUN 
Gd+ ? 
° CN Gdt ? 
od? | Ti—Gd+t ? 
6d V —Gd+? 
Gd+ ? 
Gd+ ? 
I | MnGd~+ ? 
re) Fe—Gdt ? 
| Gd+? 
Gd gs 
3d Gdt+ ? Tit 
2 Gdt ?—Ti 
Cr+ Gdt ? 
I Gd+ ? 
I Gdt 2? V 


identifies twenty-two solar lines in the flash spectrum as Gd, but of 
these, seventeen are blends. The most favorable showing for its 
presence in the sun is given in Table VI; this suggests its occurrence 
in the ionized state, though only six of the lines have no other 
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of y Cygni, or by Mitchell in the flash spectrum, but the presence 
of Tb* is considered by Menzel’ as provisionally probable in the 
flash spectrum taken by Campbell in 1905 with a moving-plate cam- 
era. Thirty-seven solar lines were identified by Hofbauer as due to 
Tb, but from the results given in Table VII it is evident that the 
available laboratory data are not sufficiently accurate to show its 
presence in the sun through coincidences with solar lines. The weak 
lines agree with solar lines as closely as the strongest lines. The 
data for the strongest spark lines are given below, and, while fail- 


TABLE VII 


TERBIUM 














| | 
SUN EBERHARD EXNER AND HASCHEK 
oo ae oan -_ ee Ar | IDENTIFI- 
Arc | Spark SUN— | CATION 
ALA | Int. ALA. | Int. |—— |— ———| MEAN) | IN SUN 
| | ALA. | Int. | ALA. | Int. | 
3702. 826 —2Nd? 87 8 87 8 86 15 |—0.04Al..... 
3770. 561 I 48 ¥ 52 8 51 8 |+ .06 | Mn Y+ 
3848. 708 —I .78 4 77 20 77 20 I-— .06 CN 
3574. 125...] —1 wi 666 20 20 19 | 20 - .06 CN 
3899. 144 2 20 8 20 IO 18 8 |I— .05 V+ 
3939.520 —_y 54 8 .O1 15 ae fe) ~ .oF ; 
976. 870 2 | .85 10 87 20 86 10 ;+..o1 | Fe Ndt 
3982.002 > 88 10 03 Is go 10 + .10 | Zit Fe? 
4005. 484 I | .48] 8 50 | 15 55 | 10 |— .o5 | Fe 
4275.553...]1 <3 | 56 10 55 10 52 10 |+0.O1 | aie imabaie 




















ing to show any high probability of its presence in the sun, they do 
show how urgently new determinations of wave-lengths are needed. 
For dysprosium there are two-place I.A. measures (1918). 
Strong lines for which there are no other identifications show fair 
agreement with solar lines of intensity —1. The element is not iden- 
tified in y Cygni, but Mitchell gives three lines, which, however, 
are accounted for by known constituents of the sun’s atmosphere; 
and Menzel’ finds five lines which show the behavior typical of 
rare earths and which are not otherwise accounted for. These are 
indicated by an asterisk in Table VIII. Although the spark inten- 
sities, on the whole, are less than the arc intensities, the element 
* Publications of the Astronomical Society of the Pacific, 39, 350, 1927. 


2 Communicated by letter. 
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is considered to be in the ionized state because of its similarity to 
the other rare earths in its behavior in the flash spectrum. 

For holmium there is little spectroscopic evidence in the sun. 
When the data in the Tabelle der Hauptlinien are used for the com- 
parison, one-third of the strong lines fall within 0.03 A of solar lines. 
Many are apparently absent. A few are identified by Mitchell and 
Baxandall' as Ho in the sun, but though they are in the region 
covered by Campbell’s moving-plate spectrum, none of them is re- 
ported by Menzel. The solar lines identified as Ho by Mitchell or 


TABLE VIII 


DyYSPROSIUM 











SUN | INTENSITY 
ARC a ‘ AX IDENTIFICATION 
|} ALA | Sun—ArRc IN SUN 
ALA | Int. Arc Spark | 
| 
3531. 720. . I .70 10 10 +0.01 Al Dyt+ ?— 
3544. 230. I 2 8 3 — .ol —Dyt? 
3550. 223. IN 21 8 10 + .o1 CN Dyt ? 
3944. 686*. I . 69 10 10 00 Fe?—Dyt 
4045.970. IN .00 10 4 — .03 —Dyt? 
4077.077.. fe) .98 IO 10 fete) Dyt ? 
4103. 319*. ° 34 8 — .02 —Dyt 
4186. 799.. —3 . 80 8 4 fore) Dyt ? 
4194. 851* I 85 8 4 00 Dyt+— 
4256. 317*. —1 33 8 3 — .Ol Dyt+ 
4449. 721* —I .92 8 4 rere) Dyt 
4012.272. —2 27 8 4 0.00 Dyt ? 

















* Shows characteristic rare-earth behavior in flash spectrum. 


Baxandall are shown in Table IX together with the identifications 
in the Revised Rowland Table. 

Identifications of solar lines as due to erbium have been sug- 
gested by Mitchell, Baxandall, and Menzel. The complete data are 
given in Table X. The first and second columns give the solar wave- 
lengths in I.A. and the Rowland intensities. The data in the next 
three columns are mainly from the Tabelle der Haupilinien. Then 
follow findings by King from an examination of arc, spark, and 
furnace spectra, and the sun minus arc differences. The suggestions 
by Baxandall, Mitchell, and Menzel are given under their respec- 
tive names, while the solar identifications appear in the last column. 

* A revision of identifications has been generously placed at our disposal by F. E. 
Baxandall. 
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The rare-earth elements known to occur in the sun are from the 
ionized atom. The evidence for Er is given by the two strongest 
ionized lines, \ 3896 and X 3906. For \ 3896 the evidence is the 
strongest, but for \ 3906 it is less definite. This is the strongest 
ionized line and appears in the flash with the earth-element char- 
acter, combined with that of a strong normal line of Co, but the 
solar line is much too strong for Er alone. It is evident that 
the normal solar intensity of Er* does not exceed —1. Identifica- 
tion of solar lines with weak enhanced lines is at best very question- 
able. Only two of them, \ 4008 and \ 4251, give indication of their 


TABLE IX 


Ho_MIUM 


““TABELLE DER 


| 
HAUPTLINIEN”’ IDENTIFICATION 


7 k ; AX 7 ; ce P ie 
Sun —AR¢ | 
ALA Int. ALA “og int | | Mitche 1) | Baxandall } Sun 
Eten ——}— x : we ———— 
3456.015..| —1 | .co| 10 | 10 |+0.02 A] Er—Ho | 
4045.970. .| iN | Ho? |— Dy+ ? 
4053.938 —2 | .92} 10} 8 |+ .o2 | Co, Ho? | Cor 
4005.01. .| 2d? | | V-T% | Mn TiV+Ho?| Ti Mn 
4108. 536 2 | 60] 10 5i—- .06 |} Ho, Er | Ca? |—Ca? 
4350. 762 —3 | .73| 10 | 5 |+0.03 Ho? 
| 


presence in the flash spectrum. For the very weak lines the evidence 
is nil, except for \ 4081, a possible blend with Fe, and a suspicion 
of \ 4552. Lines from the normal atom would not be expected to 
appear in the solar spectrum, and there is no dependable indication 
that they do. Erbium illustrates the uncertainties inherent in iden- 
tification by the method of coincidences in the absence of adequate 
wave-length data. 

The evidence for thulium in the sun is very weak. If present, 
the normal solar intensity of the strongest lines would be about 
—2. The sun minus arc differences cover so wide a range that lab- 
oratory errors of the order of o.1 A must be assumed to reconcile 
the discrepancies. Here again, more accurate wave-lengths are need- 
ed to show its presence in the sun. The comparison of 7 with solar 


wave-lengths is given in Table XI. 
Ytterbium, called also neo-ytterbium and aldebaranium, has, 
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according to Exner and Haschek, three outstanding lines. Two of 
them, A 3289 and A 3694, agree in position with solar lines of inten- 
sities 4 and 3. The third, \ 3987, is the strongest, and is 0.04 A to 
the red of a solar line of intensity o. The solar line of intensity 4 is 
identified as V*; the lines of intensities 3 and o have no other iden- 
tifications. Although all three fall near solar lines and were sug- 
gested in the Appendix of the Preliminary Table, only two have 
been retained as possible Yd lines. Menzel states that X 3987 is 
definitely absent from the flash spectrum and that the region is 
one where the dispersion is high and the definition good on Camp- 
bell’s plates. The intensities by Exner and Haschek also indicate 


TABLE XI 


THULIUM 


SUN “TABELLE DER UPTLINIEN” | 
| TABELLE DER HAUPTLINI | | Ipentirt- 











ae =, = ‘eeeeoneees St Sa CATION 
ALA. Int. ALA. Arc. Int. | Spark Int | | oH SON 

3133. 967 —1Nd? 87 9 9 +0o.10 A 

3425.064 —2 12 7 7 — .06 V 

3441. 553 —3N .53 7 6 | + .o2 

3701. 370 —s «$7 9 9 + .O1 

4094. 071 —2 .18 1oR 5 — .II 

4242.104 ° 15 10 8 + .oI 

4359. 909 a -93 5 5 | 6. 




















that this is an arc line. That Yd contributes to A 3694, a line of 
intensity 3, is indicated by the relatively high velocity of outflow 
from spots for a line of this intensity, a characteristic of low level. 
Its probable level is somewhat below that of Ce and La.* The com- 
parison of Yé lines with solar lines is given in Table XII. 

As to lutecium, also called cassiopeium, the presence of its lines 
in the solar spectrum is very doubtful. The probability for or against 
its presence requires for its determination more precise measures 
of wave-length. The five lines of intensity ro in the arc and 
spark given in the Tabelle der Hau pilinien are listed in Table XIII. 
As three of these are probably masked in the solar spectrum and 
the other two give large residuals, this element has not been added 
as present in the sun. 


t Mt. Wilson Contr., No. 74; Astrophysical Journal, 38, 345, 1913. 
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The results from the discussion are given in Table XIV. Ten 
elements, Lat, Cet, Pr+, Nd*, Sat, Eut+,Gd*, Dy*, Er*, and Yb", 
are shown as present in the sun with varying degrees of probability. 
For five, J/, Tb, Ho, Tu, and Lu, the data are not adequate either 
to establish the probability of their presence or to eliminate them 
from further consideration. 


TABLE XII 
YTTERBIUM 


| 


— “TABELLE DER | EXNER AND 
HAUPTLINIEN” HASCHEK 
| IDENTIFICA- 
—_aae ae St a in 
~LA Int a ak Arc | Spark Arc Spark saeeiccas 
‘ Int Int. | Int Int 
3107. 855 -] | .87 10 IoOR} 3 sr |—0.02A 
3289. 373 4 37 1oR 10 | 100R] 100 oo | Yb+?V 
3343.025 I 96 10 | I0 4 3 |+ .06 | NH- 
é Bs mt A - : : ‘et 
3404. 475 I | -33 | mo i 5 | (3 3 |+ .14 | OF 
> | | . 
3478. 786 fe} 84 8 te) 5 20 |— .06 | Fe 
3694. 200 3 20 1oR 10 200R | 200 fele) VYbt+ ?— 
3987.972 re) or | I0 | Io. 6} 500R 1s O4 
4439.171 oNd? 22 8 2 10 2 ar ae ae 
5550.470 —2 47 mo 1 I TO. Oo! y 
TABLE XIII 
LUTECIUM 
SUN 
—— a Arc AX IDENTIFICATION 
ALA. Sun —AR¢ IN SUN 
NILA. Int | 
ial , . 
3397. 003 02 Fo.04 A 
3507. 405 I . 40 + Oo] Fe 
3554-453 Ja 43 + .02 
4184. 314 2 2 + .07 Gdt ? Tit 
5479. 745 2 70 +o.05 


The rare-earth elements are of much astrophysical importance. 
Their vapors lie close to the photosphere and are apparently easily 
ionized. The low level of La* and Ce* is shown by high velocity of 
outflow from spots and by the low values they give for solar rota- 
tion. In the sun and in y Cygni the Ce* lines show large displace- 
ments to the violet, relative to the displacements of medium-level 
lines in the same spectral region, a characteristic of low-level lines. 
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Accurate laboratory data would decide whether the still doubtful 
elements are present or absent from the portions of the sun acces- 
sible to spectroscopic observation, and, if present, how widely 
their spectra are represented. For other purposes also, the wave- 
lengths of the rare-earth elements need to be known with high 
precision. Their determination offers a promising field of investiga- 
tion, with sufficient uncertainties, possibilities, and questions of tech- 





nique to be interesting. 
TABLE XIV 


RARE-EARTH ELEMENTS 


} IDENTIFICATION 


IN SUN | AVAILABLE WAVE-LENGTH Data 
tend | SYMBOI ELEMENT wee ene meneiewes eeeien ae 
Present Max. Meas- | System Source Date 
| Int ures ° 
17 | ; } 3-place | I.A.* Bur. St 1921 
57 La Lanthanum La I place | Row! Wolff oan 
m > — = 3-place | L.A Klein 1918 
58 Ce | Cerium Ce ° . ee LA* Bur. St 1021 
59 Pr 4 Praseodymium Pr+? —I 3-place | Rowl. | Bertram 1906 
6 Vd Neodymium Vd+ =) 3-place | Rowl. | Bertram 1906 
61 Il | [llinium tt 2-place | I.A.* | Bur. St | 1922 
62 Sa | Samarium Sa I | 3-place | Rowl Riitten and 
| | Morsc h | Igo5 
¢ Eu | Europium Eu+ ? 1? 2-place | I.A Eder | IQ17 
( Gd} Gadolinium Gd+? | o 2-place | I.A.* Bur. St 1923 
¢ Tb | Terbiumt 2-place | Rowl. | Exner and IgII 
| Haschek IQI2 
66 | Dy Dysprosium Dy+ O | 2-place | IL.A.* Bur. St 1923 
67 Ho Holmiumt 2-place | Rowl. Eder and 
} } Valenta IgI0 
68 Er | Erbium | Er+? |—1 | 2-place | LA. | Eder | 1916 
69 Tu | Thuliumt 2-place | Rowl Exner and IQII 
| | Haschek | 1912 
7 Yb | Ytterbium | Yb+ ? |—1? | 3-place | Rowl. | Kayser | 1903 
71 | Lu | Luteciumt | 3-place | Rowl. | Kayser | 1903 


* \ 5500 to red 
+ For J/ the lines common to the spectra of Nd and Sa were used in Table ITI. 
t Available wave-length data are not sufficiently accurate for the determination of either its presence 


or its absence with a reasonable degree of probability. 
Numerous solar lines of intensities — 3 to — 1 are still unidentified, 
and it is probable, or at least possible, that many of them are due 
to the rare-earth elements. The question of their presence in the 
sun could be decided by accurate wave-lengths of the stronger en- 
hanced lines; the extent to which they are represented, by a study 
of lines of decreasing strength in laboratory sources. A third ques- 
tion is the state of ionization, and whether both the normal and 
ionized states are represented. 
The lines of the rare earths appear unique in their behavior in 
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the flash spectrum, and for enhanced lines they show a peculiar 
behavior in the arc, where they are often stronger than in the spark. 
The enhanced lines of 77 and Sc are prominent at high levels in 
the sun’s atmosphere, while those of the rare-earth elements are 
confined to lower levels. In the first case, high ionization has been 
attributed to lower pressure at high levels; in the second case, ex- 
citation by high temperature near the photosphere may play a larger 
role. A promising field of investigation would seem to be a study 
of the effects of varying the conditions under which the spectra 
are produced in the laboratory. 

It is evident from the preceding discussion that complete agree- 
ment does not obtain, nor can it be expected in the identifications 


given by different investigators. The best one can do in the cases 


where definitive conclusions are not conservatively possible, is to 
suggest what seems fairly probable and leave the final decision to 
later consideration in the light of further observation. 
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